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PREFACE 
Enzyme heterogeneity i s now recognized to be a 
cofflHion phenomenon and a number of eiizyraes have been shown 
to exist in multiple forms within an individual tissue or 
an organism. Multiple forms of the same enzyme have been 
observed in plants, animals and in unicellular organisms. 
Ihese isomers are distinguished from each other on the 
basis of a variety of characteristics such as electrophoretic 
mobility, chromatographic behaviour, immunochemical 
spec i f i c i ty , heat l ab i l i t y , Michaelis constants and 
d i f f e rent ia l response to coenzyme analogues and inhibitors. 
Ohe term isoenzyme i s now used to describe such multiple 
forms of a protein which bring about the same biocatalytic 
action. 
Although the occurrence of enzymes i n multiple 
molecular forms v/as recognized several decades ago, i t i s 
only after the introduction of electrophoretic techniques 
and ion-exchange chromatography that such multiple forms 
could be detected and characterized. Once these experimental 
tools were available, rapid development has taken place in 
this f i e l d of enzymology. Ihe study of isoenzymes i s 
currently being extended to f i e lds ranging from embryology 
to evolution and to various aspects of physiology and 
(ii) 
pathology. In the last few years investigators have concerned 
themselves with the elucidation of the genetic control and 
ontogenesis of isoenzymes. Species differences observed 
i n isoenzyme patterns have been used to delineate 
evolutionary pathways. Much i s being learned of the 
metabolic significance of isoenzymes especially in relation 
to such phenomena as feed back inhibit ion, substrate 
inhibit ion and shuttle mechanisms between mitochondria 
and cytoplasm. Hie most important application of isoenzymes 
in c l in ical medicine has been in the diagnosis of diseases. 
LDH isoenzymes in the human serum are used for the diagnosis 
of myocardial infarct ion and in certain l i v e r diseases. 
Beside this, the re lat ive proportions of LDH isoenzymes 
changes signi f icantly in malignant, haematological, muscular 
and renal diseases. 
FDP aldolase, a key enzyme of the Sabden Meyerhof 
pathway of the glycolyt ic ut i l i zat ion of carbohydrates i s 
known to exhibit wide variation in act iv i ty in a number of 
pathological conditions. There i s , however, hardly any 
report dealing witii the alteration in the isoenzyme pattern 
of aldolase of serum and tissue during diseased conditions. 
The pattern of aldolase isoenzymes in tissues of normal 
animals has also not been adequately investigated. Thus a 
study of the distribution of isoenzjmies of aldolase in 
d i f f erent mammalian tissues is of considerable interest 
(iii) 
before examining any change in their re lat ive proportions 
in pathological conditions. 
Ihe aim of the present study was to f i l l this lacuna 
in our knowledge on aldolase enzymes. The leve l of aldolase 
act iv i ty of various tissues (skeletal and heart muscle, brain, 
l i v e r , kidney, test is , lung and spleen) of mouse, cotton rat, 
rabbit and monkey was assayed and their isoenzymes separated 
employing vert ical starch gel electrophoresis. 5 x crystall ine 
rabbit muscle aldolase was fractionated into six molecular 
forms using DElj&-cellulose chromatography. Multiple forms of 
aldolase and LDH of skeletal and heart muscles, brain and 
testis of some mammalian species were subsequently resolved 
by ion-ex change chromatography. The d i f ferent isomeric forms 
of the enzyme were distinguished by studying their Kjjj values, 
re lat ive thermal s tab i l i t y , activation energy and varying 
susceptibil ity to the action of metal binders, metal ions 
and SH reactants, 
The results of the present study have provided background 
informatiom on the kinetic characteristics of aldolase 
isoenzymes in mammalian tissues, 2ie knowledge gained would 
be of use in elucidating the subunit structure of aldolase 
and in locating changes in aldolase isoenzymes in pathological 
conditions. 
CH^TEB I 
I N T R O D U C T I O N 
IMMODUGTION 
Historical background of Isoenzymes 
I t has long been recognized that many enzymes found in 
animals, plant and micro-organisms may occur in more than one 
distinct form. The discovery that lactate dehydrogenase (LDH) 
of various human and animal tissues consists of several 
d i f f erent fractions which can be separated by electrophoresis 
has stimulated considerable interest in exploring the 
occurrence of enzymes in multiple molecular forms and elucidating 
their implication in health and disease. 
While describing enzymes, emphasis has always been 
la id on mentioning the species and organ or tissue of origin 
of the enzyme, as enzymes catalyzing the same chemical reactions 
and acting upon the same substrate but derived from di f ferent 
source may d i f f e r from one another in other properties 
(Fischer, 1896). However, the discovery, made about a few 
decades ago, that the various coenzymes such as pyridoxal 
phosphate, coenzyme A, nicotinamide adenine dinucleotide (NAD) 
etc. have the same chemical structure irrespective of the 
sources from which they originated led to the be l ie f that 
apoenzymes may also have identical structures irrespective of 
the tissue or ce l l of origin. This concept was challenged 
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for the f i r s t time when Warburg and his colleagues published 
their findings about two decades ago demonstrating that aldolase 
derived from yeast di f fered in several respects frcan the 
aldolase isolated from mammalian tissues (Warburg and 
Christian, 1943). Ihe occurrence of di f ferent forms of 
pepsin, chymotrypsin, trypsin, xanthine dehydrogenase and 
lyso25yme has also been observed by other investigators 
(Wilkinson, 1966). 
Differences have also been observed on numerous 
occasions between the properties of analogous enzymes obtained 
from the same tissues of di f ferent species. For example, 
human salivary and pancreatic amylases are identical, but 
they d i f f e r in solubil i ty and pH optimum from the amylase 
of hog pancreas (Meyer, Hscher and Bernfeld, 1947). Even 
within the same species but in di f ferent tissues, enzymes 
may be found having the same catalytic properties, but 
markedly di f ferent in other respects. An acid phosphatase 
which originates in the hiaman prostate behaves quite 
di f ferent ly frcaa the erythrocyte enzyme with respect to 
inhibition studies, although both catalyze the hydrolysis 
of a similar range of phosphate esters (Demuth, 1925; Abul-
Pdl and King, 1949). Acetyl choline esterase, which occurs 
in erythrocytes and in nervous tissues, readily hydrolyses 
acetyl choline and acetyl -methyl choline, but not 
benzoyl choline, whereas pseudocholine esterase found in 
the l i v e r , intestine, heart and blood serum has l i t t l e or 
no action upon acetyl-^-methyl choline, but readily hydrolyses 
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benzoyl choline in addition to acetyl choline (Mendel and 
Hudney, 1943). Thus, although the chemical reaction i s the 
same in both cases, these enzymes d i f f e r considerably in 
their substrate spec i f i c i t i es . Similar metabolic reactions 
take place in the cel ls of a wide variety of tissues, and 
Warburg (1948) suggested that enzymes catalyzing the same 
reaction in d i f ferent tissues might be organ speci f ic , 
Pf le iderer and Jeckel (1967) demonstrated that rat skeletel 
muscle LDH and rat heart muscle LDH d i f f e r in their 
electrophoretic mobilit ies and in certain other aspects 
as well. Previously Meister (1950) had shown that 
crystal l ine beef heart LDH contained two electrophoretically 
distinct proteins and later Neilands (1952) found that both 
possessed enzyme act iv i ty . Thus, an enzyme from a single 
organ was shown to occur in more than one form. Krebs (l963) 
reported the electrophoretic separation of yeast protein 
into four separate forms each of which exhibited glyceraldehyde 
phosphate dehydrogenase act iv i ty. Although these multiple 
forms of enzymes might arise as a result of their association 
with d i f ferent carrier proteins, the separation of crystal l ine 
enzymes into d i f ferent .molecular species would appear to 
eliminate this poss ib i l i ty . 
Definition of Isoenzymes 
I t i s now well recognised that a large number of 
enzymes exist in multiple forms. Hiis g^plies not only to 
tissues and tissue extracts, but also to enzyme protein i ^ c h 
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have been isolated in the crystal l ine forms. Precise 
def ini t ion of the word 'Isoenzyme* i s , however, rather 
d i f f i c u l t . Dif ferent tissues of the same Individual or 
even of d i f ferent species may possess closely similar enzymes, 
which are not real ly isoenzymes. For the time being, a 
broad def init ion such as "d i f ferent proteins with similar 
enzymatic ac t i v i ty " would best suite the current state of our 
knowledge. I t is customary to l imit this def in i t ion to 
enzymes obtained from one tissue or possibly one small organ. 
Nomenclature of multiple forms of enzymes 
aie term 'Isozyme' has been proposed by Markert and 
Moller in 1959 but the alternative term 'Isoenzyme* i s 
preferred which was f i r s t used by Mroblewski and Gregory ( l96 i ) . 
'Isoenzyme' i s now o f f i c i a l l y recommended by the standing 
committee on enzymes of the International Union of BEiochemistry 
to describe the multiple enzyme forms occurring in a single 
species. 'Isozsmie', however, i s o f f i c i a l l y regarded as an 
acceptable alternative (Webb, 1964). Ihe fact that some 
isoenzymes d i f f e r in their re lat ive a f f i n i t i e s for substrate 
analogues, coenzyme analogues and inhibitors raises the 
question of the suitabi l i ty of the pre f i x I so - but as yet 
no satisfactory alternative has been suggested. 
Ifechniques used for the separation of Isoenzymes 
Electrophoresis and ion-exchange chromatography are 
the most widely used procedures for the separation of isoenzymes. 
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both depending primarily upon the natmre and extent of the 
e lectr ica l charge on the protein in the buffer solution used. 
Paper electrophoresis has beeh extensively used in c l in ica l 
biochemistry for the study of serum protein abnormalities, 
and this technique was one of the f i r s t to be applied to 
isoenzyme separation. In recent years, however, a number 
of alternative methods employing a variety of supporting 
media, e.g. starch grain, starch ge l , cellulose acetate, agar 
gel, polyacrylamide etc. has been introduced. 
Introduction of ion-exchange celluloses such as 
carboxymethyl cellulose (CM-cellulose) and diethylaminoethyl 
cellulose (DEAB-cellulose) in ion-exchange chromatography 
has helped immensely in the fractionation of closely related 
proteins (Sober and Peterson, 1956; 1958). Ihe use of 
DEAfi-cellulose for the separation of LDH isoenzymes (Hess, 
1958} Hess and Walter, 1960; l96l^j l96l^) and the d i f ferent iat ion 
of serum leucine amino peptidase isoenssymes in l i ve r diseases 
has been reported (Dioguardi, Agostoni, E io re l l i , l i t tobe l lo , 
Cirla and Schweizer, l96i ) , Ihe application of the enzsnne 
to the DEAB-cellulose column was followed by the elution of 
the various fractions with a series of phosphate buffers 
of gradually increasing ionic strength. Elution by salt 
CtJCJlLose 
gradient on DEAEJjcoliimns has also been used for the separation 
of multimolecular forms of phosphatase, glucose 6-phosphate 
dehydrogenase and 6-phosphoglneonate dehydrogenase of rat 
tissues (Moore and AngelettL, I96l ) . 
Methods for demonstrating Isoenzymes 
Tlie enzyme act iv i ty of various fraetions separated 
on the starch gel could be demonstrated either by staining 
techniques or by extracting the enzyme frcan appropriate 
segments and assaying them using classical techniques. For 
reactions involving proton^-transfer from NADI^  or NADPI^  
to NAD or NABP respectively, bands of act iv i ty can be 
demonstrated by ultravio let illumination. With other enzymes 
such as alkaline phosphatase, i t i s possible to use a non-
absorbing substrate, which as a result of enzjme act iv i ty 
liberates a substance that absorbs l i gh t in the ultra v io l e t 
region of the spectrum. 31iere are various other techniques 
for visualizing the region or regions where enzyme activity-
exists, for example, specif ic staining techniques or 
immunological procedures. 
Lactate Dehydrogenase 
LDH is the terminal enzyme of the glycolyt ic sequence 
and animal ce l ls have a high content of this enzyme . Hie 
enzyme catalyze the following reaction: 
Lactate + NAD"*" > Pyruvate + NADH + H"^  
Tliunberg found an enzyme in tissues which oxidized 
lactate and depended on a water soluble cofactor for i t s 
act iv i ty (Ihunberg, 1920). Cel l - f ree extracts containing 
LDH act iv i ty were f i r s t reported i n 1932 (Banga, Szent-Gyorgyi 
and Von Vargha, 1932). Since then preparations of crystal l ine 
LDH have been described from rat, l i v e r , skeletal and heart 
muscles (Kubowitz and Ott 1943; Gibson, Davisson, Bachhawat, 
Ray and Mestling, 1953? meland, Pf le iderer and Ortanderl, 1969), 
LDH Isoenzymss and their Dlstributioia 
Using the conventional H se l l us technique of 
electrophoresis, beef heart LDH was separated into two 
enzymatlcally active proteins (ftielands, 1952). Later 
Vesell and Beam (i957) reported three LDH isoenzymes in 
human sera by starch block electrophoresis and similar results 
were obtained by Sayre and Hi l l (1957) who found up to f i v e 
or six components in a number of rat tissues employing high 
voltage membrane f o i l electrophoresis. Wieme (1958) was 
the f i r s t to demonstrate f i ve LDH isoenzymes in normal human 
serum employing enzymoelectrophoresis. 
I t i s now known that LDH exists as f i v e isoenzymes 
having di f ferent subunit composition. Hiey are designated 
as LDft-l, LDH-2, LDB-3, LDB-4 and LDH.5 in accordance with 
their mobilities during electrophoresis in the pH range 
7.0 - 9.0. LDH-1 is the most negatively charged under these 
conditions and so moves most rapidly towards the anode. 
The other suf f ix numbers "increase as the mobility of 
isoenzymes toward the anode decreases. The distribution 
of the various forms of LDH in the heart, l i v e r , kidney and 
skeletal muscle of a wide range of vertebrates has been 
revealed using membrane f o i l electrophoresis (Haupt and 
Giersberg, 1958). Simultaneously, WLeland, P f le iderer , 
Haupt and Morner (1959) reported the quantitatiye distribution 
patterns of LDH in a variety of human and animal tissues. 
Starch gel electrophoresis was subsequently used in studying 
the distribution pattern of LDS isoenzymes in the tissues 
from a variety of animals v iz . mouse (Markert and Holier, 
1959} Allen, l96l j Markert and Ursprung, 1962; Unjehm, 
From and Schulz-Haudt, 1966), rabbit (Markert and Moller, 
1969), rat (Tsao, l960j f ine, Kaplan and Kuftinec, 1963) 
and the human (Wroblewski and Gre0gory, l96i} Latner and 
Skillen, 1962) etc. 
Work on the distribution of LDH isoenzymes in human 
tissues has been carried out by Wroblewski and Gregory ( l96 i ) 
using starch gel electrophoresis and determining the enzyme 
act iv i ty in the eluates of the gel segments. They reported 
the distribution pattern of LDH isoenzymes of heart and 
skeletal muscles, brain, l i v e r , kidney, lungs, spleen, lymph 
node, adrenal and pancreas. Identical patterns have been 
obtained using visual staining techniques in T^Mch phenazine 
methosulphate has been ut i l ized as the proton^transfer agent 
from NADHg to a tetrazolium salt (MLtroblue tetrazolium or v 
MTT). The formation of an insoluble purple formazan derivative 
was used to reveal the bands occupying the positions of the 
isoenz^es (Latner and Skillen, 1961). Patterns in human 
tissues have also been described by Hess and Walter (1960; 1961) 
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who used column ekromatography on DEAB-cellulose and. by ' 
Richterich, Schafroth and Aebl (1963) using chromatography 
on DBAS-sephadex. 
Serum LDH has been extensively analysed and the 
isoenzyme pattern well defined (Sayre and ifi.l l, 1967; Yesell 
and Beam, 1957} WLeme, 1959; Latner and Skillen, 1961; 
Ifroblewski and Gregory, l96l; Latner, 1962). Normal serum 
contains a re lat ive ly small amounts of total act iv i ty , which 
tends to be highest in the positions corresponding to LDH-2 
and LDH-3. I t i s possible to demonstrate a l l f i v e isoenzjnaes 
by using extraction methods after electrophcr esis of 
suf f i c ient ly large amounts of serum (Mroblewski and Gregory, 
1961), Ultraviolet detection methods or visual staining 
methods usually demonstrate bands corresponding to LDB-2 
and LDH-3 with lesser amount of LDB-l and traces of LDH-5. 
LDH distribution in hemolysates of human red blood corpuscles 
has been reported by many workers. Three major bands v i z . 
LDH-1, LDS-2 and LDH-3 can be demonstrated with the occasional 
presence of LDB-4 isoenzyme (Vesell, 1961), Bie band 
representing LDH-5 have been shown in species with nucleated 
erythrocytes (Vesell and Beam, 1962), 
Mjre than f i v e forms of LDH can be demonstrated by 
gel electrophoresis in mature test is and sperm in a number of 
animals including man (Blanco and zinkham, 1963; Goldberg, 1963; 
1964; Zinkham, Blanco and Kupchyk, 1964), Ihe isoenzyme 
patterns found in sperm provide evidence for a single ce l l 
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type possessing multiple forms of enzymes. The additional 
LDH isoenzyme of a rather d i f ferent type, however, occur in 
post pubertal human testis. This has a mobility intermediate 
between those of LDH-3 and LDH-4 and has been provisionally 
designated LDH^ j., I-DHJ^ j. appear to be related to spermatogenesis 
and the spermatozoal LDH consists very largely of this 
isoenzyme. In the rabbit and the dog, LDH appears between 
LDH-4 and LDH-5 while in the mouse, i t has lower mobility 
tiian LDH-5. Two separate LDH fractions occur i n homogenates yc. 
of guinea pig and rat test is ; these appear between LDH-3 and 
LDH-4 and between LDH-4 and LDH-S. In bull test is three LDH 
components are found, one between LDH-S and LDH-4 and two 
between LDH-4 and LDH-S, but there i s no electrophoretic 
evidence of an LDH in the testis of the duck, chicken, hog 
or cat. 
Subunit Structure 
The occurrence of f i v e isoenzymes of beef lactate 
dehydrogenase has been explained on the hypothesis that each 
i s made up of a group of four subunits (Markert, 1962). The 
subunits are polypeptide in nature and two such subunits are 
assumed to be present. I f these are designated A and B then 
the f i v e forms can be represented according to the following 
peptide combinations: 
LDH-1 A A A A (A^BQ) H H H H (H^Mq) 
LDH-2 A A A B (AgB^) ^ H H H M (HgM )^ 
LDH-3 A A B B (AgBg) or H H M M (I^Mg) 
LDH-4 A B B B (A,B ) J. O H M M M (H^Mg) 
LDH-5 B B B B (i^B4) M M M M (I^M^) 
Similar hypothesis using the symbol M and H for 
LDH-5 and LDB-l respectively has been advanced to e3q)lain 
the f i v e isoenzymes present in chicken tissues (Cahn, Kaplan, 
Levine and Zwill ing, 1962). Tissues such as heart muscle 
contain a preponderance of H subunits and tissues such as 
skeletal muscle a preponderance of M subunits. I t i s now 
known that with a given species the two polypeptides have 
closely similar molecular weights and i t i s l ike ly that the 
d i f ferent behaviour of the isoenzsnaes of LDH during 
electrophoresis i s largely conditioned by surface charge. 
I t is just possible that molecular shape may also play some 
part but this seems to be unlikely (Latner and Skillen, 1968). 
There i s suf f ic ient evidence to support the subunit 
concept of lactate dehydrogenase structure. I t has been 
observed that orderly differences exist in various catalytic 
properties, heat s tab i l i ty and amino acid ccmposition among 
the various molecular forms (Cahn, Kaplan, Levine and 
Zwill ing, 1962; Markert, 1963^). Moreover, when antibodies 
were prepared against the H form of the enzyme they did not 
cross react with the M type and the reverse reaction also 
did not take place. Also anti M sera did not react with H 
type of the enzyme. However, LDH-2, LDH-3 and LDH-4 reacted 
with both types of antibody (Kaplan, 1963j Cahn, Kaplan, 
Levine and Zwilling, 1962). Further, the subunit hypothesis 
was supported by the phenomenon of dissociation followed by 
recombination (Markert, 1963^). The isoenzymes apparently 
dissociated into f ree subunits when kept frozen in 1 Molar 
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sodium chloride and recombination occnred on subsequent 
thawing. In this w ^ pure isoenzyme LDEUl, when mixed with 
pure isoenzyme LDH-5, gives r ise on recombination a l l f i v e 
isoenzymes demonstrable by starch gel electrophoresis in the 
concentration expected frcaa the random recombination of the 
two suDumts. TJiis finding is the concrete proof for the 
va l id i ty of the subunit theory. 
Separate genes are believed to control the synthesis 
of the two di f ferent polypeptide chains. Hie isoenzymic 
pattern of d i f ferent tissues thus depend on the re la t ive 
amount of the two polypeptide chains which in turn depends 
on the re lat ive act iv i t ies of the genes controlling them 
(Markert and Urspning, 1962; Cahn, Kaplan, Levine and 
twi l l ing , 1962} Markert, 1963^). I t can be seen thus that 
only two separate genes can control the synthesis of f i v e 
dist inct isoenzymes, a mechanism vdiich provides an extension 
of the one gene-one enzyme hypothesis. Ittssociation and 
reassociation studies indicate that LDI^ found in spermatozoa 
i s a tetramer consisting of four identical subunits of a 
new polypeptide chain d i f f e rent from those found in other 
isoenzymes. Ihe isoenzyme (LDH ) i s apparently under the 
control of a third gene, >4iich i s responsible for the 
synthesis of the new polypeptide unit characteristic of this 
tissue. 
Aldolase 
In 1934 Meyerhof and Lohmann showed that fructose 
1,6-diphosphate (FDP) was converted by muscle and yeast 
extracts into two moles of triose phosphate. Further study 
of the cleavage showed that the FDP was converted to 
equivalent amounts of D-glyceraldehyde 3-phosphate and 
dihydroxy acetone-phosphate (DHAP) by a specif ic enzyme 
now termed aldolase 
FIS> Aldolase ^ &.glyceraldehyde 3-P + DHAP 
: rr: 
Ihe reactions catalyzed by aldolase appear- to be speci f ic 
for the condensation of DHAP with a variety of aldehydes; 
thus i f B-glyceraldehyde or I>.erythrose 4-p are present, 
fructose l-p or sedoheptulose 7-P are formed. Other 
reactions of less metabolic significance with DHAP have been 
reported for aldolase, involving the following aldehydes 
(phosphorylated or not) and their corresponding'ketoses: 
L-glyceraldehyde, D-and L-erythrose, D-and L-threose, 
formaldehyde, acetaldehyde, glycolaldehyde and propionaldehyde. 
The enzyme is absolutely specif ic for DHAP whereas the 
aldehydes participating as the second substrate could vary 
in d i f ferent reactions (Horecker, 1959} Rutter, i960). Die 
enzyme is widely distributed in micro-organisms, plants and 
animals but not found in certain of the heterofermentative 
bacterium such as Leuconostoc mesenteroides in which the 
Einbden Meyerhof pathway is absent (De Moss, Bard and Gunsalus, 
1951; Buyze, Hamer, Vander and Haan, 1957). 
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FEP aldolase may be segregated into two classes based 
on their molecular and catalyt ic properties as well as on 
their biological distribution (Rutter, 1964). The two 
aldolases are: 
Class I aldolases (Schif f base forming aldolases) 
GLass I I aldolases (Metallo aldolases) 
Warburg and Cftiristian (1943) were the f i r s t to observe 
the important distinction between the two classes of aldolases. 
They noted that aldolase from yeast was reversibly inhibited 
by metal chelators, while aldolase from rabbit muscle was 
unaffected. The presence of zinc in the puri f ied aldolase of 
Aspergillus niger (Jagannathan, Singh and Damodaran, 1956) 
confirmed the original finding of the role played by a metal 
ion in these enzymes. 
Glass I I Aldolases 
The class I I or metallo aldolases are widely distributed 
among micro-organisms, being found in the following genusess 
1, (bacteria) - Escherichia (Knox, Stun^jf, Green and Auerbach, 
1948), Lactobacillus (Kuhn and TLedemann, 1963), Brucella 
(Gary, Kupferberg and Graf, 1956), Vibrio cholerae (Krishna Murti 
and Shrivastava, 1956), Mycobacterium (Su and Ling, 1966), 
Clostridium (Bard and Gunsalus, i960), Pasteurella (Srikantan, 
Krishna Murti and Shrivastava, 1968), Salmonella (GhataK and 
Shrivastava, 1968), Erwinia, Bacillus, Gorynbacterium, 
Vei l lonel la and Pseudomonas (Rutter, l964)j 2. (Fungi) -
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Sac char omyces (Warburg and Christian, 1943), Candida (Kowal, 
Cremona and Horecker, 1966), Aspergillus (Jagannathan, Singh 
and Damodaran, 1956), and Penlcilium (Rutter, 1964). Both 
class I and class I I enzymes have been found in Buglena 
(Groves, 1962) and Chlamydomonas (Rutter, 1964). In the 
la t t e r two organisms, the biosynthesis of the two d i f ferent 
classes of aldolase i s subject to independent metabolic and 
genetic control (Rutter, 1964j 1965} Russell and Gibbs, 1964; 
1967). In most of class I I aldolase the metal cofactor i s a 
t ight ly bound zinc ion but tiie enzyme frcan Clostridium and 
Anacystis have been reported to contain loosely bound iron 
or cobalt. OSiese enzymes have a molecular weight similar to 
that of yeast aldolase (approximately 70,000). Ihe number 
of the subunits present in the molecule i s unknown, but 
preliminary evidence suggest that the enzyme i s a diamer. Ihe 
act iv i ty usually shows a sharp pH optimum and i s markedly 
stimulated by potassium or ammonium ions. Diese enzymes 
are uneffected by carboxypeptidase, but are strongly inhibited 
by reagents which react with sulfhydryl groups. The class I I 
aldolases d i f f e r s igni f icantly from the class I enzymes which 
function via Schi f f ' s base formation in the properties 
mentioned above as well as in the patterns of substrate 
spec i f i c i ty and kinetic parameters. aiie metalloaldolases 
are completely uneffected by treatment with borohydrMe in 
the presence of FIS> or DHAP, v^iile class I enzymes are 
i rrevers ib ly inactivated by such treatment (Rutter, 1964) thus 
proving the Schi f f ' s base formation. 
io 
glass I i0.dol&ses 
Class I aldolases resemble the mammalian muscle enzyme. 
Enzymes of this type are widely distributed among the protozoa 
and green algae and in v ir tual ly a l l higher plants and 
animals (Rutter, 1964; Groves. 1962| Rutter and Groves, 1964). 
There i s no evidence implicating metal ions in enzyme 
structure or act iv i ty and these enzymes are not inhibited 
by metal chelators (Warburg and Christian, 1943; Groves, 1962; 
Rutter, 1964). However, o-phenanthroline was found to be 
an inhibitor to muscle aldolase not by acting as a chelating 
agent, but by causing the oxidation of certain SH groups 
(Kobashi and Horecker, 1967). Based on the similarity of 
their sedimentation constants to those of the mammalian 
aldolases, the molecular weight of class I aldolases may be 
approximately 150,000 - 160,000. Also by analogy with the 
mammalian enzyme, the molecules may be considered to be 
composed of three to four subunits. The class I aldolases 
from plant sources have been reported to be some what 
smaller, with molecular weight of 140,000 (Brooks and Griddle, 
1966) and 120,000 (Fluri, Ramasarma and Horecker, l967). Bie 
class I aldolases are less sensitive to inhibition by SH-
binding reagents than are the metallo aldolases. The class I 
aldolases aldo d i f f e r from those of class I I in their substrate 
spec i f i c i t y and kinetic parameters, their sensit iv i ty to 
the action of carboxypeptidase, the broad range of pH over 
which they are active and in their indifference to the presence 
of potassium ions. 
1 i 
Mammalian Aldolases 
jU-dolase variants 
Diere i s increasing evidence for the poss ib i l i t y of 
aldolase variants existing within a particular organism 
(Rutterj ¥oodfin and Bios tain, 1963). mree major aldolase 
variants have, indeed, been demonstrated in mammalian tissues, 
Olie classical muscle aldolase (prototype of class I aldolase) 
has been termed aldolase A; another variant found particularly 
in l i ve r and kidney has been termed aldolase B; and s t i l l 
another aldolase found in brain, aldolase G, has recently 
been discovered (penhoet, Rajkumar and Rutter, l966). These 
were readily resolved by electrophoresis on cellulose acetate 
strips and detected by an act iv i ty stain with FEP, glyceraldehyde 
3-phosphate dehydrogenase, WAD, and nitroblue tetrazolium. 
Three enzymes were distinguished on the basis of structural, 
antigenic, and catalytic dif ferences. Bie above authors have 
demonstrated that dissociation and reconstitution of the 
subunits from a mixture of any two of these enzymes generates 
a set of three new hybrid enzymes, each of which possesses 
catalytic act iv i ty . Ihree hybrids, as well as the parent 
enzymes, occur in d i f ferent proportions in the various 
organs investigated. Although the muscle enzyme (type A) 
appears to contain two d i f f erent subunits, however, in view 
of the nearly complete absence of antigenic cross reaction 
between the three types i t is unlikely that either of the 
subunits i s shared in common with the other types (B and C). 
J 
29 
I t has also been reported that dissociation and reconstitution 
of pure aldolase A fa i led to generate any new form of aldolase 
(Penhoet, Rajkumar and Rutter, 1966; C!han, Morse and 
Horecker, 1967). 
Using electrophoretic techniques similar to that 
described above, experimental support has been obtained for 
the existence of organ speci f ic aldolase isoenzymes. Foxwell, 
Cran and Baron (1966) have thus confirmed the existence of 
aldolase C and i t s hybrids in the brain of rabbit, rat and 
man. Using horizontal starch gel electrophoresis, Anstall, 
Lapp and Irit^iillo (l966) have demonstrated multiple forms 
of aldolase in human, rat and frog tissues, l i ve isoenzymes 
have been described in extracts of human brain, three in 
human heart and two in human kidney, l i v e r and muscle. In 
rat brain there were four isoenzymes similar in mobility to 
those of human brain, the rat muscle pattern di f fered 
markedly from that of the rat l i v e r , where as the only 
dif ference found between human muscle and human l i ver was 
quantitative in nature. The isoenzyme patterns were 
dist inct ly altered when fructose l-phosphate rather than 
fructose 1,6 diphosphate was used as substrate. Herskovits, 
Masters, Ifassarman and Kaplan (l967) have described the 
organ speci f ic distribution of aldolase isoenzymes in d i f f erent 
ontogenic stages of development of the chicken. Other workers 
have also reported the heterogeneity of aldolase in a variety 
of animals employing the zone electrophoretic techniques 
(Christen, Rensing, Schmid and Leuthardt, 1966; Pietruszko and 
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Baron, 1967; Masters, 1967j 1968j Rensing, Schmid and 
Leuthardt, 1967j Rensing, Schmid, Christen and Leuthardt, 
1967} Matsushima, Kawabe, Shibuya and Sugimura, 1968; Khan 
and Ghatak, 1968; Adachi, Chen and Sallach, 1968; Foxwell, 
Maureen Buck and Baron, 1968; Dikov, 1968; She^dy. and 
Hkst^rs, 1969), 
Very recently Lebherz and Rutter (1969) have reported 
the distribution of FO? aldolase variants in biological systems. 
They have detected a l l the three parental FEP aldolase, A, B, 
and C in tissues of each of 13 vertebrate species including 
man by employing the following cr i ter ia (a) re lat ive 
electrophoretic mobility (b) substrate spec i f i c i ty (Fia?/FIP 
act iv i ty ra t io ) (c ) tissue distribution and in some cases 
(d) speci f ic immunochemical properties. 
Aldolase of Rabbit Muscle 
3he enzyme from rabbit muscle i s the most thoroughly 
investigated aldolase which belongs to the class I type, 
namely the Schiff base forming aldolases. Some of i t s important 
properties are outlined below: 
Structure 
Kowalsky and Boyer (i960) using carboxypeptidase 
suggested that rabbit muscle aldolase contained two identical 
subunits along with a third unit d i f fer ing from the earl ier 
two. Using both carboxypeptidase and hydrazinolysis to 
degrade aldolase, liK-nstead and Wold (i964) found that three 
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subunits are terminated by the sequence ALa-!]yr, but that 
one of the subunits d i f f e r from the other two in the third 
residue from the carboxy-terminus. 
Morse, Chan and Horecker (l967) have demonstrated that 
four such carboxy-terminal sequences become available when 
the enzyme i s either part ia l ly denatured in urea, or S-
carboxymethylated. In these experiments, performed with the 
isolated subunits as well as with the unfractionated protein 
the carboxy terminal sequences were deduced to be as fol lows: 
Asp-Ser-Ser- (Phe,Ile,Leu)-Ser-His-Ala-Oyr 
(Ser)-Ser-Phe-Ile-Leu Ala-lyr 
2ae finding of four carboxy terminal residues in 
aldolase confirms the existence of four subunits previously 
suggested by the ultracentrifugation studies of Kawahara 
and Tanford (l965), and the hybridization experiments of 
Penhoet, Rajkumar and Rutter (l966). The fact that 
dissociation and reconstitution of rabbit muscle aldolase 
does not lead to the formation of a new species indicates 
that the mode of recombination i s subject to important 
restr ict ions. On the contrary, Kochman, penhoet and Rutter 
(1968) report the presence of f i v e forms of muscle aldolase, 
which they attribute to random association of subunits. 
Molecular weight of rabbit muscle aldolase and i t s subunits 
The molecular weight of the native enzyme as determined 
by ultracentrifugation studies in various laboratories have 
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yielded the following f igures; 149,000 (Taylor and Lowry, 
1966), 147,000 (Swenson and Boyer, 1967), 142, 000 (Stsllwagen 
and Schachman, 1962; Hass, 1964), 163,000 (Deal, Hatter and 
Van Holde, 1963), 158,000 (Kawahara and Tanford, 1965) and 
160,000 (Sia and Horecker, 1968). I t was reported by 
Gralen (l939) that the aldolase of myogen A was dissociated 
into smaller subunits upon treatment with urea. Later i t 
was demonstrated that the enzyme dissociates into subunits 
having a molecular weight of approximately 40,000 - 50,000 
when i t i s exposed to acid, a lkal i , urea or guanidinium 
chloride treatment. I t i s well established that the urea 
or acid promoted dissociation into inactive subunits can be 
made fu l l y reversible, allowing reconstitution of a protein 
possessing the original physical and catalytic properties. 
Recent studies by Sia and Horecker (l968) of the sedimentation 
behaviour of rabbit muscle aldolase dissociated at pH 2,0 
confirm the molecular weight of the subunits to be 40,000 -
41,000 and are also consistent with the presence of four 
subunits in the molecule. These results, together with 
available chemical data on the enzyme provide suf f ic ient 
evidence for the existence of a subunit structure composed 
of two pairs of non-identical polypeptide chains. 
Aldolase of Rabbit Liver 
Bie presence of aldolase acting on Fructose-l-phosphate 
(F- l -P) was f i r s t reported in l i ve r extracts in 1962 (Hers, 
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Kusaka and De Duve, 1952). From rabbit l i ver Kaletta-Gmunder, 
Wolf and Leuthardt (1957) isolated two d i f f e rent aldolases 
by ion-exchange chromatography on DEAE-cellulose. 3he 
two enzymes d i f f e r in their spec i f i c i ty towards the substrates 
FDP and F-l-P. Woodfin has also reported the iso lat ion 
from l i v e r of two forms of the enzyme which were chramatographically 
and electrophoretically distinguishable (Woodfin, 1963; 
Rutter, Moodfin and Blostein, 1963). In contradiction of 
these results Peanasky and Lardy (1968) separated aldolase 
from bovine l i v e r to a high degree of purity and showed 
that though i t was a homogenous protein the enzyme acted 
on both F-l-P and FDP to an equal extent in contrast to the 
muscle enzyme, which was 50 times as active with FDP as 
with F-l-P. Dahlqvist and Crane (1964) confirmed that 
the aldolase in rabbit l i v e r extracts would catalyze the 
cleavage of both FDP and F-l-P. The two act iv i t i es were 
los t simultaneously during heat inactivation at pH values 
from 4,5 to 10,4, and hence were apparently catalyzed by 
the same enzyme, thus there i s no evidence to support the 
existence of an"F-l-P aldolase" dist inct from ••FDP aldolase". 
Later Penhoet, Rajkumar and Rutter (1966) using zone 
electrophoresis reported only one form of aldolase in fresh 
l i ver extracts. The two forms described above may have 
resulted from limited proteolytic degradation and/or 
deamidation of the native enzyme. Such modifications might 
be expected to occur during the early steps of the procedure 
employed, which included keeping the homogenate for four hours 
prior to fractionation (Morse and Horecker, 1968). 
2; 
CoB5)arison of Muscle and Liver Aldolase 
Peanasky and Lardy (l968) demonstrated that the 
crystal l ine bovine l i v e r aldolase was v i r tual ly identical 
•with rabbit muscle aldolase in molecular weight, total 
cysteine sulfhydryl content and non-dependence on magnesium 
ions or susceptibil ity to EDTA. In view of the fact that 
muscle aldolase can be degraded witii carboxypep tidase to 
y ie ld an enzyme having catalytic properties similar to 
those of l i v e r aldolase, i t was considered possible that 
the l i v e r aldolase was merely a degraded or modified form 
of muscle aldolase (Dreschler, Boyer and Kowalsky, 1959). 
However, Rutter, Richards and Woodfin ( l96l ) showed that 
the bovine l i v e r aldolase was not a degraded form of the 
muscle enzyme. This was also confirmed by the studies of 
Blostein and Rutter (1963) who demonstrated chromatographic 
and immunological differences between the two enzymes. 
Ihese investigators used l i ver and muscle aldolase from the 
same species i . e . rabbit. While the muscle enzyme was 
completely inactivated and precipitated by reaction with 
antibodies prepared against the puri f ied muscle aldolase, 
the l i v e r enzyme was hardly affected. Bie propertions of 
the muscle and l i v e r type enzymes from crude extracts of 
seven d i f ferent tissues as studied by reaction with antimuscle 
aldolase agreed well with the FDP to F-l-P act iv i ty ratios 
in these tissues except in the case of brain which was later 
shown to contain a third distinct aldolase. The differences 
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in the rat io of act iv i t ies vd.th FDP and F-l-P were shown 
to be organ-specific, rather than species spec i f i c j this 
rat io was approximately 40-50 in muscle, and approximately 
1 , 2 in l i v e r , in extracts from seven vertebrate species. 
Ihe muscle and l i v e r enzymes have several s imilar i t ies 
in their physical and chemical properties (flutter, Woodfln 
and Blostein, 1963; Rutter, Blostein, Woodfin and Weber, 
1963; Christen, Goeschke, Leuthardt and Schmid, 1965). 
The molecular weights, hydrodynamic properties, and subunit 
structare of the two proteins are almost alike. Kie amino 
acid compositions and peptide f inger print patterns after 
digestion with trypsin plus chymotrypsin are similar for the 
muscle and l i v e r enzyme. Ihe most striking differences in 
the muscle and l i v e r ^dolases are to be found in their 
catalytic and immunological behaviour. On the basis of 
these studies Rutter and his coworkers concluded that the 
two enzymes are independent, homologous proteins (Rutter, 
1964; 1965; Rutter, Woodfin and Blostein, 1963; Rutter, 
Blostein, Woodfin and Weber, 1963). The lack of antigenic 
cross reaction, and the nori-identity of peptide maps, show 
that the two enzymes have d i f ferent primary sequences and 
must, therefore, be synthesized from d i f f e rent cistron 
within the genome (Morse and Horecker, 1968). Bie very 
striking similar i t ies between the two enzymes, seen in a l l 
the physical parameters, as well as the general catalyt ic 
properties, have led Rutter to con<ilude that the two enzymes 
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have evolved by a process of gene duplication and subsequent 
independent mutational variation (Butter, 1964; 1965). 
Changes of Isoenzymes patterns in Pathological conditions 
Characteristic alteration in isoenzyme patterns has 
been detected not only during development of tissues in a 
variety of species but also in certain metabolic defects. 
For example, in muscular dystrophy of chicken the rates of 
synthesis of M sub units of LDH in the developing muscles 
are altered compared with normal (Kaplan and Gahn, 1962). 
Although the concentration of H subunits remains close to 
the normal, the concentration of M subunits i s lower 
throughout the l i f e span of the dystrophic animals. A 
similar abnormal LDH pattern has been reported in human 
dystrophic muscles, where, again the basic defect appears 
to be in the gene responsible for the biosynthesis of M 
subunit (laeme and Herpol, 1962), At present i t i s not known 
whether the block in the M gene i s the primary cause of 
the disease or i t occurs as a consequence of a more general 
disturbance in metabolism (Kaplan and Cahn, 1962). Studies 
of the LBH isoenzymes in human tumors showed that several 
tumors have a high concentration of M subunits than ad;3acent 
normal tissues (Goldman and Kaplan, 1964). Ihe high rate of 
glycolysis manifested by malignant tissues may be responsible 
for the high content of muscle type LDH (Warburg, Posener 
and Negelein, 1924). Recently i t has been reported that the 
sh i f t in isoenzyme patterns in malignant disease might not 
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be due to the presence of necrotic cel ls in the tumors, 
Altered isoenzyme patterns were also detected in tumors of 
rectum, colon, breast, stomach, lungs and lymph node 
(Poznanska-Lind, Wilkinson and •aithycombe, i966). 
Marked elevation of serum LDH occurs in patients 
v l th myocardial infarction. The isoenzymes of LDH are 
usually present in the following order: LDH-2> LDft-1^ LDH-3 ^ 
LDH-LDH-5 (llroblevrski and Greogory, l96l ) . In myocardial 
infarct ion the isoenzyme pattern i s more representative of 
heart tissue, i . e . , predominance of LDH-l and LDH-2 with the 
act iv ity of ihe former exceeding that of the lat ter (Wroblewski, 
Ross and Greogory, i960). LDEH and LDH-2 reach peaks of 
act iv i t ies about 48 hour after the onset of the disease, but a 
re lat ive excess usually persists for 1-3 weeks. By studying 
the speci f ic alteration in serum isoenzyme patterns, tissue 
damage has also been characterised in other diseases. In 
l i ver disease for example, the release of LDH into the 
serum i s somewhat variable. High act iv i t ies often occur in 
diseases such as in fect ive hepatitis, in fect ive mononucleosis 
and toxic jaundice, in which hepatocellular damage i s a 
predominant feature. In such cases a marked increase in the 
amounts of LDH-4 and LDH-5 is found. There are also 
indications of a change in the serum isoenzyme pattern 
towards LDH-4 and LDH-5, in chronic l i ve r diseases, such as 
obstructive jaundice and cirrhosis (E l l i o t t and mikinson, 
1962). 
Serum and tissue isoenzyme patterns have been used 
for diagnostic purposes and related investigations in the 
study of inborn errors of metabolism (Korner, 1962; Davis, 
Olsgaard, Fisher and Krebs, 1964). Variant enzyme forms 
have been located in patients with hereditary deficiencies 
of erythroGyte-6-phosphogluconate dehydrogenase (Parr and 
Pitch, 1964), glucose-6-phosphate dehydrogenase (Pinto, 
Newton, and Richardson, 1966) and Pseudocholine esterase 
(Liddel l , Lehraann, Davies and Sharih, 1962). 
Another possible diagnostic application of isoenzymes 
emerges from the studies of Sherman ( l96l ) who found that 
the LDH isoenzyme pattern of the duck malarial parasite 
was d i f f erent from that of the host (Plasmodium lophurae). 
Analysis of isoenzymes in urine may also have diagnostic 
application particularly in patients with bladder 
carcinomas, where a large increase in urinary LDH-5 takes 
place. 
3G0PB AND PLAN QF THE WOHK 
(Of late much attention i s being focussed on the study 
of enzymes and their multiple forms i n serum and other 
tissues because of ±±s implications in c l in ica l biochemistry. 
Elevation in seriam enzyme levels such as the increase in 
the L-tartarate inhibitable acid phosphatase in cancer of 
prostate i s an extremely useful diagnostic tool. Serum 
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creatine kinase assays have been used to assess the extent 
of tissue damage in newborn infants. Two seriM transaminases, 
which are widely used in the diagnosis of myocardial 
infarct ion and l iver damage are GOT and GPT. The l eve l of 
serum FEP-aldolase increases markedly in acute v i ra l 
hepatit is, hemorrhagic pancreatitis, hemolytic anemia and 
acute alcohlic psychosis (Sibley and i le isher, i954). 
Minimal elevation of the enzyme appears in cirrhosis, 
obstructive jaundice and primary heptoma (Schapira and Payet, 
i960). Activity i s elevated also in progressive muscular 
dystrophy, but not by other diseases of skeletal muscle 
(Schapira, Demoss, Schapira and Dreyfus, 1967), Metastatic 
carcinoma, especially of the prostate, i s also accompanied 
by an increased act iv i ty (Baker and Govan, 1953). An 
elevated act iv i ty also occurs in acute myocardial infarct ion 
(White, 1956), At present, measurement of serum aldolase 
act iv i ty are applicable to d i f ferent iate progressive 
muscular dystrophy from other types of myopathy (Schapira, 
Demoss, Schapira and Dreyfus, 1967), and to follow the 
course of disseminated carcinoma of prostate (White, 1956), 
The act iv i ty of F-l-P aldolase i s elevated in v i ra l 
hepatitis and ^ost alcoholic cirrhosis. I t i s normal in 
obstructive jaundice, hepatic metastases, and acute 
cholecystis (Brecht and Kunkele, i960), Mevations of the 
serum leve l of aldolase thus accompanied in a wide variety 
of pathological states would, therefore, be of limited diagnostic 
value in a particular case. However, i t appears l ike ly 
that the alteration in the isoenzymic pattern may accompany 
certain tissue or organ disorder. In such cases measurement 
of aldolase isoenzymes (LDH isoenzymes have already been 
reported to alter in a number of pathological conditions) 
i s a more signif icant Indicator than the determination of . 
total enzyme act iv i ty. 
A thorough search of the l i terature on isoenzymes 
reveals that there is no report dealing with the alteration 
in the pattern of aldolase isoenzymes in serum and other 
tissues during pathological conditions. Ihus a detailed 
study of the multiple forms of aldolase in d i f f erent 
mammalian tissues is of fundamental interest, mth this 
idea a preliminary study, using both electrophoretic and 
chromatographic technique, of aldolase isoenzymes was taken 
up to be used as basis for further investigations as 
regards to their alteration in diseased tissues. Since LDH 
plays a key role in glycolysis, the presence of the multiple 
forms of LDH aldngwith aldolase was also studied by 
chromatography only, in order to f ind whether their existed 
any correlation in the pattern of isoenzyme distribution 
between these two members of the g lycolyt ic cycle. Ihese 
findings also throw l ight in an understanding of the sub unit 
structure of aldolase. Ihe subunits are controlled by 
separate genes and influenced independently by various 
environmental factor, and thus their study may be of 
considerable interest to the geneticist and may have important 
applications in studies on growth and development. !Ihe 
column chromatographic separation of isoenzymes as used in 
these investigations i s a very e f f ec t i ve method particularly 
in cases where the tissue concentration of the enzyme i s 
very low. The changes, therefore, in various pathological 
conditions can he better studied hy this method than vrith 
usual electrophoretic techniques. 
Die thesis embodies the results of the separation of 
isoenzymes of aldolase and LDH and characterization of FEP 
aldolase. The thesis i s divided into the following chapters: 
Chapter I 
The chapter deals with the historical background, 
def init ion, nomenclature, techniques of separation and 
demonstration of isoenzymes and ear l ier work done on LDH 
and aldolase. This is followed by a general discussion on 
the subunit theory, changes of isoenzsrme pattern in 
pathological conditions. The scope of the present investigation 
i s given in the end. 
Chapter I I 
Bie materials and methods including technique of starch 
gel electrophoresis and DEAS-cellulose chromatography has 
been described. 
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Chapter I I I 
IDie results of the present study are summarised 
sequentially in this chapter. 
Chapter IV 
The results are discussed against the background 
of current knowledge on aldolase and LDH isoenzymes. 
Chapter V 
Summary of the work done i s given and broad 
conclusions drawn are enumerated. 
CHAPTER I I 
MATERIALS AND METHODS 
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MATERIALS AND METHODS 
Animals used for the study 
Colony bred adult male alMno rabbits weighing 
1.5 - 1.8 kg. and mice .(Swiss as well as Calcutta strain) 
weighing between 20 and 30 g were used in these investigations. 
The male Rhesus monkeys (Macaca mulatta) were from the 
primate colony of this Institute. Florida cotton rats 
(Sigmodon hispidus hispidus) or ig inal ly acquired from the 
Haffkine Institute, Bombay, were used in the present studies. 
Male cotton rats of 80 - lOO g body weight with an average 
age of six months were only included in the e^speriments. 
Al l the animals were maintained on a balanced stock diet 
prep^ed in G.D.R.I, and housed i n air conditioned quarters 
(temp. 24 ± 2°C) throughout the experimental period. 
Chemicals used 
Fructose-1:6-diphosphate (Ba sal t ) was obtained frcan 
Calbiochem, Los Angeles, California, U.S.A., and 1:3 
di hydroxy ace tone fr<an Koch Light Laboratories, Colnbrook, 
Bucks, England. 5 x crystal l ine aldolase and reduced NAD 
was purchased from Nutritional Biochemical Corporation, 
U.S.A., and sodium pyruvate and amidoschwarz 10 B was 
procured from E. Merck, Darmstadt, Germany, Ifydrazine 
sulphate and Ir is (hydroxy-methyl) amino methane were the 
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products of British Drug House, London. The DEAS-cellulose 
was supplied by Mann Research Laboratories, U.S.A., while 
hydrolysed starch was obtained from Connaught Medical 
Research Laboratories, University of Ibronto, Canada. Bie 
other reagents used were of the highest purity. Double 
d i s t i l l ed water was used throughout for the preparation 
of solutions. 
Preparation of the crude extract 
Monkey, mice and cotton rats were k i l l ed by ether 
anaesthesia followed by decapitation. However, the rabbits 
were sacri f iced by injecting air through the ear vein. The 
desired tissues or organs (skeletal and heart muscle, brain, 
l i v e r , kidney, lungs, spleen and test is ) were quickly 
removed from the cadavers and placed in small beakers 
surrounded by cracked ice. Ihe organs were freed from fa t 
and other connective tissues, washed several times in cold 
physiological saline or d i s t i l l ed water for removing blood 
clots' and then dried by pressing them between folds of 
f i l t e r paper. After weighing, the tissues were cut into 
small pieces and suspended in ice cold 10 mM tris-HGl buffer, 
pH 8.0, containing 0.2 mM ethyline diamine-tetraacetic acid 
(EDTA). Hie pulp was poured into a Potter Elve:&j.em 
homogenizer f i t t ed with a te f lon grinder and was homogenized 
in cold for f i v e min. intervals. The skeletal muscles of 
rabbit available in large quantities and containing maximum 
aldolase act iv i ty were homogenized in a chil led waring blender. 
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The crude homogenate was centrifuged in a cold centrifuge 
(MSE) at 4000 r.p.m. for lO min. to sediment the nuclei, 
unbroken and red blood cel ls and the supernate was fractionated 
at d i f ferent speeds in a Spinco Ultracentrifuge Model 
The particulate free 106,000 g supernatant was used as. the 
enzyme source as other fractions were found to be devoid 
of aldolase act iv i ty. 
Preparation of the Acetone Powder 
muscles of rabbit were prepared by adding 5 volumes of cold 
acetone (-20°C) to 105,000 g supernatants of these tissues. 
Wbile adding acetone the homogenate was kept continuously 
stirred. The suspension was transferred to centrifuge bottles 
and spun for 2 minutes at 5000 r.p.m. The supernatant was 
decanted o f f and the sediment was washed twice by suspending 
each time in about 2 volumes (calculated from the original 
volume of 106,000 g supernatant) of cold acetone. The f ina l 
washing was done on a Buchner funnel and the precipitate 
l e f t after f i l t r a t i on was pressed to remove acetone. Pinal 
traces of the solvent were removed from the powder by 
grinding in a chilled mortar and keeping i t i n a vacuum 
dessi 
cator for 30 min, Al l these operations were carried 
out in a cold room (4°C). The dried powder possessed high 
aldolase and LDH act iv i t i es which were stable for several 
months when the powder was stored under frozen conditions. 
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Enzyme Assay 
Aldolase (Fructose-1S6-diphosphate, D-glyceraldehyde-
3-phosphate lyase: EC 4.1.2.13) act iv i ty was estimated 
according to the Sibley and Lehninger (1948) procedure 
adapted for micro assay suiting the conditions of present 
experiment. Reaction mixture in a total volume of 0,5 ml 
contained; 0.06 ml of hydrazine sulphate (560 mM); 0.2 ml 
of veronal-HOL (50 mM) or tris-HOL (lOO mM) buffer pH 8.6, 
0.1 ml enzyme preparation and 0.05 ml of FEP (50 mM). lEtie 
reaction mixture excluding the substrate was preincubated 
for 5 min. at 38°C and the reaction was commenced with 
the addition of FDP. After 30 min. of incubation the reaction 
was terminated with 0.5 ml of 10 % trichloroacetic acid (w/v). 
Controls were run simultaneously with each experiment where 
FDP was added to the tubes after the addition of trichloroacetic 
acid (TCA). Ihe enzyme act iv i ty was always determined 
using three levels of enzyme concentration. For the estimation 
of aldolase act iv ity in starch f ree supernates veronal 
buffer was omitted from the reaction mixture and 0.4 ml of 
the starch free si^ernate was substituted for the buffer 
and enzyme. 
TCA precipitated proteins were removed by centrifugation 
and the trioses formed due to the enzyme action was determined 
colorime tr ie al ly essentially according to Sibley and 
Lehninger (l948). 0.5 ml of 0.75 N sodium hydroxide was 
added to 0,5 ml of TCA f i l t r a t e and the mixture was allowed 
do 
to stand at room temperature for 10 min. Now 0,5 ml of 
2:4-(ilnitr©phenyl hydrazine was added to i t and after 10 min. 
incubation at 38°C, 3.5 ml of 0.76 N sodium hydroxide was 
added to each tube. 2lie purple colour formed was read 
after 10 min. in a Klett Summerson photoelectric colorimeter 
using green f i l t e r (540 m /i). I f the IQett readings were 
more than 500, the colour development was repeated on smaller 
aliquots of the TCA f i l t r a t e , the volume of the sanple being 
made to 0.5 ml with 5 ^ TCA. 
is3 dihydroxyacetone was used as a standard for the 
triose phosphate estimation. 
Enzyme Unit 
One unit of the enzyme act iv i ty i s defined as the 
amount of protein required to l iberate 2 ji moles of triose 
phosphate ( 5 "1 mole of FDP) per hour under the specified 
experimental conditions. 
Lactate Dehydrogenase (L-lactate:NAD oxidoreductase EC 1.1.1.27) 
Pyruvate + NADHg Lactate + NAD 
Lactate dehydrogenase (LDH) act iv i ty was assayed by 
two methods. Ihe f i r s t method was used for rabbit tissues 
and the second for monkey ti^Ssues; . - i. 
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l i r s t Method 
LDH act iv i ty was estimated spectrophotometrically 
by following the change in optical density at 340 m /a due 
to the oxidation of reduced NAD, Reaction mixture in 3 ml 
contained 2 ml potassium phosphate buffer (lOO mM), 
pH 7.4J 0.1 ml of sodium pyruvate (lO mM), 0.05 ml to 
0.2 ml enzyme preparation and d i s t i l l ed water as required. 
o 
Ihis solution was brought to 37 C in a constant temperature 
water bath, 0.1 ml NADH^  (3.2 mM) was added, mixed by 
gentle inversion, and the contents transferred immediately 
to a cuvette of 1 cm l i gh t path. !Ilie decrease in absorbancy 
at 340 m /i recorded every 30 seconds for 3 min. In controls 
0. 1 ml of water was taken in place of NADHg solution. 
Second Method 
Bie act iv i ty of LDH was determined spectrophotometrically 
according to Glock and McLean (1953) by following the 
oxidation of NADHg at 340 m ja. 
The assay system for LDH consisted of the following 
components i n a total volume of 2 ml, added i n the order 
given; 1.50 ml of potassium phosphate buffer (lOO mM), 
pH 7.4; 0 .1 ml of NADI^  (5.27 mM) d i s t i l l ed water as required, 
and 0.05 - 0.2 ml enzyme preparation. The reaction was 
started by the addition of 0 .1 ml of sodium pyruvate (lO mM) 
a f ter the other components present' , in sugar tubes (4 x jt**) 
had attained bath temperature. In the control assay system, 
a l l the components were present except sodiijni pyruvate. The 
reaction mixture was incubated at 37°G for 10 min. and 
deproteinized by the addition of 0,9 ml absolute alcohol 
followed by 0.1 ml of 10 ^ (w/v) sodium sulphate to aid 
flQcculation. The mixture was l e f t at 37°C f o r half an hour 
for allowing complete precipitation. Ihe optical density of 
the supernate obtained after centrifugation was read at 
340 m in a Beckman Model DU i^ectrophotometer. LDH act iv i ty 
is represented by the dif ference in the act iv i ty between the 
experimental tube and the control in which sodium pyruvate 
was added after the precipitation of the protein. 
Enzyme Unit 
One unit of enzyme is defined as amount of protein 
required for producing 1 p. mole of NAD per hour under the 
specified experimental conditions. The units were calculated 
6 2 
using the extinction coe f f ic ient 6,22 x 10 /cm per mole of 
NADHg (Horecker and Kornberg, 1948). 
%)ecif ic act iv i ty for aldolase and LDH i s expressed 
as the enzyme units/mg protein. 
Estimation of Protein 
The protein content of the enzyme preparations were 
estimated spectr op ho tome t r ie a l ly according to Warburg and 
Christian (1941) or colorimetrically using a sl ight 
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modification of the Folin Phenol method of Lowry, Hosebrough, 
Farr and Randall (1961). 
8,0 per cent solution of anhydrous sodium carbonate 
was mixed with equal volume of a solution containing 300 mg 
of cupric sulphate and 600 mg of sodium potassium tartarate 
dissolved in 600 ml of d i s t i l l ed water. Solutions containing 
10 to 150 micrograms of protein were mixed with 6 ml of the 
above reagent, incubated for lO min. at 37°C and then cooled 
to room temperature. 0.5 ml of the twice diluted Folin's 
phenol reagent was added and the colour developed was read 
at 660 m p. after 30 min. against a proper blank in Klett 
Summerson photoelectric colorimeter using Bovine plasma 
albumin as the standard. Under these conditions one KLett 
reading was found to be equal to l microgram of the standard 
protein solution. 
Estimation of Cihloride 
Cihloride concentration of the eluates obtained from 
the DEAE cellulose column was determined according to Schales 
and Schales (1941). The method is based upon the fact that 
++ 
mercuric nitrate which readily ionizes to y ie ld Hg ions, 
i s used to t i t ra te the chloride leading to the formation 
of mercuric chloride according to the following equation. 
2 c l " + ^ Hgcl 2 
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As long as chloride ions are present in the solution 
the Hg"*"*" ions react to form Hgclg which i s not ionized. At 
the end point excess of Hg"^ "*" ions react with the indicator 
EtLph^nyl Garbazone producing a v io le t colour. 
Reagents 
Mercuric nitrate (2,9 - 3,0 g) was dissolved in glass 
d i s t i l l ed water in the presence of 20 ml of 2N HNO and made 
Up to lOO ml. 
100 mg of Diphenylcarbazone were dissolved i n 100 ml 
of 96 % ethyl alcohol and stored in the dark. 
Chloride standard (lO mM) was prepared by dissolving 
o 
58.45 mg Analar sodivan chloride, previously dried at 120 C, 
by dissolving in 100 ml of glass d i s t i l l ed water, 
procedure 
0,2 - 2.0 ml of the sample containing chloride was 
added to a 25 ml test tube alongwith 4 drops of indicator 
(Diphenyl Garbazone) and swirled gently to mix the contents. 
Mercuric nitrate previously standardised against 10 mM 
sodium chloride was slowly added through a burette t i l l the 
appearance of a l i gh t but permanent v i o l e t colour. 
starch gel ELectrophoresls 
Vertical arrangements for starch gel electrophoresis 
introduced by Smithies in 1959 are particularly valuable 
for the separation of enzyme proteins where low leve ls of 
/ 
enzjme act iv i ty necessiate the use of large volumes of 
sample. Ibis technique permits introduction of a l iquid 
sample direct ly into the gel without the use of supporting 
medim thus eliminating the problem of electrodecantation 
and improving the resolution. 
The vert ical starch gel assembly (Pig, 1) was 
fabricated in C.D.R.I. Workshop, [Dae apparatus consists 
of a perspex-plate (22.8 x 3.7 x 0.8 cm) having removable 
end plates and a slot former. Ihe two buffered chambers 
containing platinum electrodes are placed over a supporting 
stand made of perspex. Ihe arrangement for the introduction 
of the sample was made from the underside of the plate. 
The following buffer systems were found to give 
satisfactory separation of the multiple forms of aldolase 
of various animal tissues; 
Rabbit 
Electrode buf fer ; 86 mM disodium phosphate and 13.8 mM 
c i t r i c acid, pH 7.0. 
Gel buf fer : 8.6 mM disodium phosphate and 1.38 mM 
c i t r i c acid, pH 7.0. 
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Monkey, Mce and Ciotton Rat 
Electrode buf fer : 64,6 mM disodium phosphate and 
10.3 mM c i t r i c acid, pH 7.0. 
Gel buf fer : 12.9 mM disodium phosphate and 
2.07 mM c i t r i c acid, pH 7.0. 
Procedure 
Starch commonly available i s highly polymerized and 
has to be part ia l ly hydrolysed for giving satisfactory gel 
required for obtaining clear separation of proteins during 
electrophoresis. During earl ier studies starch prepared 
by B.D.H. according to Stoithies speci f icat ion was employed. 
However, most of the later studies were conducted with 
hydrolysed starch obtained from Connaught Medical Research 
Laboratories, University of Toronto, Canada. 9.6 g of 
hydrolysed starch were suspended in 80 ml of the gel buffer 
in a 500 ml pyrex vacuum f i l t r a t i on f lask and heated over 
a naked flame with continuous swirling t i l l the starch grains 
were ruptured forming a semi sol id opaque mass. Heating was 
continued until a viscous translucent solution was obtained 
after which the f lask was shaken for a few seconds away from 
the flame and then allowed to bo i l under reduced pressure 
for 10 seconds. The molten gel was then poured into the 
perspex tray f i t t ed with the end plates, a fa lse bottom and 
a slot former. A f l a t glass plate large enough to cover 
the tray completely was carefully placed over i t without air 
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bubbles getting trapped inside. Light weights were placed 
over the glass plate for giving a uniform surface and the 
gel was allowed to cool for an hour at room temperature 
o 
and f ina l l y for two hours at 4 G, 
The tray containing the gel was careful ly inverted 
and the slot former was removed gently. Now 60-100 pi sample 
of enzyme containing 1-3 mg protein was applied i n the s lot 
using a Pasteur pipette and sealed with molten petroleum 
Jelly kept at 40°C. The end plates were then removed and 
the tray was carefully placed upright in the lower anodal 
vessel over strips of Whatman No. 1 f i l t e r paper. Bridge 
connection with the cathodal vessel kept at a higher l eve l 
was made with 8 thickness of IJhatman No. 1 f i l t e r paper. A 
current output of 0,8 mA/cm was passed through the gel for 
14-16 hours (80-100 vo l ts ) using a constant current Beckman 
pow f^er supply and the separations were performed at 4-6° G. 
After completion of the period of electrophoresis the gel 
was carefully taken out frcaa the tray and sl iced horizontally 
into two layers. !Ihe upper half was stained for the protein 
bands ^ i l e the lower half was used for locating the enzyme 
act iv i ty . 
Staining of Protein bands and Assay of Aldolase 
The protein bands were located by staining with 0,6 % 
Amidoschwarz lOB for 10 min. in a solvent mixture consisting 
of ethanolsacetic aeid:water (5:1x5). The gel was then 
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repeatedly washed with solvent mixture t i l l the background 
was colourless. The lower half was cut into 0.6 can segments 
perpendicular to the direction of migration. Hie strips 
were placed in individual a l l glass homogenizers ani macerated 
xd-th 1 ml of 50 mM veronal-HOL buffer, pH 8-,6. Starch 
free supernatants obtained from the macerates after cold 
centrifugation were used for enzyme assay. 
DEAB-Gellulose Chromatography 
Preparation of the PEAS-Cellulose Column 
Five grams of DEAE-cellulose (exchange capacity 
0,91 m equivalent per g) were suspended in glass d i s t i l l ed 
water and allowed to swell for 3 to 4 hours. The slurry 
was diluted to one l i t r e , stirred and allowed to sett le for 
about 20 min. and decanted several times to remove non-
sedimenting f ine material. This process was repeated three 
times t i l l the supernatant was free from turbidity. The 
resin was suspended in 500 ml IN sodium hydroxide and allowed 
to remain in contact with alkali fo r 30 min.. The adsorbent 
was then transferred to a Buchner funnel f i t t ed with 
Whatman 3 MM f i l t e r paper and washed with glass d i s t i l l ed 
water after which the resin was suspended in 0.5 M 
hydrochloric acid. A layer of glass wool was placed at the 
bottom of the column (1.8 x 14.5 cm) to hold the cellulose 
ion exchanger. The slurry was poured into the column and 
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allowed to run under gravity, A circular piece of sponge 
was placed on the top of the column to prevent any disturbance 
of the resin during the addition of the eluting buffer. 
The chloride form of the resin thus obtained was washed 
free of Hd with glass d is t i l l ed water. The column was 
then equilibrated with 10 mM tris-HCa buffer (hereafter 
referred as equilibrating buffer ) t i l l the pH was 8.0 and 
f ina l l y transferred to the cold room (4-6°G). The flow rate 
of the eluate was adjusted to 1 ml/min. The regeneration 
of the resin after chromatography was carried out by passing 
sodium hydroxide, d is t i l l ed water, hydrochloric acid, 
d is t i l l ed water and buffer in the same order as given above. 
2ae same column could be used repeatedly by the recycling 
procedure. 
Gradient ELution 
A continuous sodium chloride gradient was prepared 
with the aid of two 500 ml cylindrical bott les, one mounted 
above the other and interconnected, the top vessel containing 
the higher concentration of buffered sodium chloride and 
the lovrer one containing the equilibrating buffer. Continuous 
mixing of the equilibrating buffer with the incoming sodium 
chloride was ensured by the use of a magnetic st irrer . The 
amount withdrawn from the mixing vessel was replaced from 
the reservoir vessel by suction causing the concentration 
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of the f ina l eluting mixture to increase regularly. Ihe 
rate of flow from the mixing vessel to the column, the 
rate of flow of the stock buffered sodjsum chloride from 
reservoir to the mixing vessel and the rate of f low of the 
eluate out of the column were adjusted to be almost 
identical. Ihe whole assembly for gradient elution was 
set up in cold room. By the above arrangement i t was 
possible to achieve a continous gradient of sodium chloride 
as revealed by the t i t r e values of chloride of the eluates 
collected from the column in an e:}qploratory experiment. 
Stepwise Elution 
For stepwise elution tris-HGl buffer containing 
concentrations of sodium chloride between 25 - 500 mM were 
employed. Hue buffers with increasing concentration of 
chloride were passed through the column one after the 
other always maintaining 3 - 5 ml volume of buffered sodium 
chloride at the top of the exchanger. Prior to chromatography 
the aldolase and LDH of monkey brain, heart and testicular 
tissues w«re puri f ied by ammonium sulphate fractionation; 
while in case of rabbit, the buffered homogenates of the 
acetone powders of brain, skeletal and heart muscles were 
prepared by grinding them with i c e cold equilibrating 
buffer in a Potter ELv^jiem tissue grinder. Ihe homogenates / 
were dialysed overnight at 4°C against the equilibrating 
buffer and centrifuged at 5000 r.p.m. for 10 min. Ihe 
a 
dialysed supernate containing 25 - 50 mg protein was 
applied to the top of the adsorbent using a pipette and 
allowed to run under gravity. When the enzyme had almost 
disappeared into the bed of the column 100 - i60 ml of 
equilibrating buffer was passed and the column was then 
connected to the gradient set up or f i t t ed with a separating 
funnel for stepwise elution. The rate of eluate was 
adjusted to 1 ml/min and lO ml fractions were collected 
at 6 + 2°C. 
Effect of temperature on Enzymic Stabi l i ty 
0.5 ml aliquots of the enzyme fraction were taken in 
a series of small test tubes and immersed in a water bath 
at the desired temperature. The tubes were gently shaken 
for half a min, and then corked so that no water could 
evaporate. After heatirg for 20 min. , each tube was plunged 
into an ice bath, which quickly stopped any further 
destruction of enzyme. Ihe corked tubes were t i l t ed and 
rotated horizontally to col lect condensed moisture on the 
wall and the residual aldolase act iv i ty of solutions as 
well as that of an unheated solution were compared. 
Effect of [Denperature on Enzymic Activity (Activation Energy) 
Arrhenius derived an equation to explain the 
influence of temperature on rates of chemical reactions, 
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which holds good to express the e f f e c t of temperature upon 
the rate of coagulation of protein and the rate of heat 
inactivation of enzyme, ahe equation i s 
d E l 
dt ^ = R F 
where K = rate constant 
R = gas constant 
T = absolute temperature 
and E i s called the activation energy. Integration of 
the above equation renders i t more useful 
E 
Thus log^ K = " ^ 
or 2.3 log ^ K = - 1 + c 
10 1.98 T 
or log K = -0.219 E ^ ^^ ^ 
Since the velocity constant K i s proportional to the i n i t i a l 
velocity (V) , the above equalion may also be written as 
log V = -0.219 B i + G ( i i ) 
10 T 
According to equation ( i ) and Cii ) the p lot of log^^ K or 
log^Q V against i would give a straight l ine having 
a slope = 0.219 E 
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Thus by eon5)uting the slope of the l ine obtained by-
plotting log,^ V against - the value of E could be 10 T 
calculated. 
For determining the activation energy of the multiple 
forms of aldolase as separated by DEAS-cellulose chromatography 
the reaction with the d i f ferent fractions was run at 
various temperatures (26 , 30 , 35 , 40°C) for 30 min. The 
log of enzyme activitj'- was plotted against the reciprocal 
of absolute temperature and from the slope of the l ine the 
value of E in calories per mole of substrate was calculated. 
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Gross FW Aldolase Activity of various Mammalian Ussues 
In order to obtain a comparative idea of the aldolase 
act iv i ty i n various tissues of mouse, cotton rat, rabbit 
and monkey a survey was made using Sa.bley and Lehninger's 
(1949) technique. In an exploratory experiment the enzyme 
ac t i v i ty of various extracts was found to be local ized i n 
the 105,000 g supernate. Al l subsequent work was, therefore, 
confined to the particulate f ree siipernates of d i f ferent 
mammalian tissues diluted to an appropriate volume with 
10 mM tris-HCl buffer , pH 8.0 containing 0.2 mM EDTA. The 
diluted enzyme was stable only for a few days when preserved 
o 
at 4 G and hence the comparison en^loying d i f f e rent tissues 
was mostly carried out using freshly prepared extracts. 
Tables 1 - 4 give the average values for the speci f ic 
act iv i ty along with standard error of FIJP aldolase i n f i v e 
batches of mouse, cotton rat, rabbit and rhesus monkey. 
Skeletal muscles which are known to have high g lycolyt ic rate 
showed maximum aldolase act iv i ty in a l l the mammalian 
tissues while spleen and lung usually registered the least 
enzyme act iv i ty . Here i t may be pointed out that although 
l i v e r and kidney extracts showed higher enzyme act i v i t i es 
than the heart muscle, the high protein content in the 
particulate f ree supernates of l i v e r and kidney was responsible 
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Table 1 - Specific act iv i ty of FEP aldolase 
of normal mouse 
Organ/TLssue I 
I 
Sk. muscle 760.20 + 24.04 
Brain 229.20 + 9.12 
Heart 185.40 + 2.25 
ICidney 57.90 + 1.50 
Testis 42.12 + 1.80 
Liver 19.76 + 1.00 
Spleen 11.81 + 0.44 
Lung 5. 14 + 0.22 
Elve batches of mouse were used (each batch of 
mouse was pooled from 6 - 6 animals). Pinal 
dilutions of the tissues (on wet weight basis) 
were as fol lows: skeletal muscle 1:2600} 
brain 1:625; heart 1:150; kidney i:200; 
testis l:lOO; l i ve r 1:260; spleen 1:80; lungs 1:40, 
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Table 2 - ^ e c l f i c act iv i ty of FDP aldolase 
of normal cotton rat 
1 
Organ/!Iis sue' J 
I 
Mean speci f ic 
with S.K 
act iv i ty 
Sk. muscle 630.70 + 15.00 
Brain 207.60 + 6.68 
Heart 162. 00 + 4.08 
Kidney 32.80 + 1.72 
Testis 26.60 + 1.08 
Liver 20.60 + 0.32 
Spleen 8.61 + 0.24 
Lung 28.10 + 1.00 
Plve batches of cotton rat were used (each 
batch of cotton rat was pooled from 5 - 6 
ardmals). Final dilutions of the tissues (on 
wet weight basis) were as fol lows: skeletal 
muscle 1:1000; brain 1:300; heart li lSO; 
kidney i : i50; testis l:lOO; l i v e r 1:200; 
spleen l$80; lung 1:60. 
Table 3 - Specific act iv i ty of FDP aldolase of 
normal albino rabbit 
^ I Mean speci f ic activity-
Organ/21 s sue , withS.E. 
t 
Sk, muscle 1119.25 + 41.50 
Brain 176.37 + 8.20 
Heart 119.75 + 3. 14 
Kidney 43. 90 + 2. 11 
Testis 19.75 + 0.43 
Liver 29.10 + 0.98 
Spleen 14.25 + 0.22 
Lung 4.50 + 0.21 
Hve batches of rabbit were used (each batch of 
rabbit was pooled from^animals). Final dilutions 
of the tissues (on wet weight basis) were as 
fol lows: skeletal muscle 1:2500; brain 1:300} 
heart 1:200j kidney 1:200; test is 1:60; 
l i v e r 15200; spleen 1:30; lung 1:30. 
Table 4 - Specific activity of Flp aldolase of 
normal rhesus monkey 
I 
» Mean speci f ic act iv i ty Organ/Ussue , ^ ^ ^ 
Ske muscle 626.0 + 16.16 
Brain 166.0 + 4. 60 
Heart 80.0 + 2.64 
Kidney 28,6 + 1.58 
Testis 20.6 + 0.82 
Liver 18.1 + 0.72 
Spleen 4.4 + 0.16 
Lung 2.2 + 0.08 
i l v e batches of monkey were used. Jlnal 
dilutions of the tissues (on wet weight basis) 
were as fol lows: skeletal muscle l : l260j 
brain 1:200; heart l :50j kidney 1:50; 
test is 1:100; l i ve r l:lOO; spleen 1:20; lung l : lO. 
kj nJ 
for their low speci f ic act iv i t i es . The specif ic act iv i ty 
for mouse and monkey tissues showed the following order of 
distributioii: skeletal muscle)> b r a i n h e a r t k i d n e y ^ testis^) 
l i v e r ) sp leen) lung. Cotton rat and rabbit tissues exhibited 
a similar order excepting in lung and l i v e r which came 
immediately after kidney in the order of distribution of 
act iv i ty . Homogenates prepared from the acetone powders 
of skeletal and heart muscle, brain and l i ver of rabbit 
showed more or less a similar pattern and the enzyme 
act iv i ty of these acetone powders did not deteriorate for 
several months when stored under frozen conditions (-20°C). 
Rate of Inactivatlon of the Enzyme durii^ 
storage in cold (-10 and -t-S^C). 
The rate of inactivation of FDP aldolase during 
o o 
storage at +6 C and -lO C was explored by keeping 0,2 ml 
of particulate free supernatants of rabbit muscle and 
brain for various interval of times. After 3, 7, lO, 15 
and 25 days the supernatants were taken out, appropriately 
diluted, and assayed for protein and enzyme act iv i ty . The 
per cent speci f ic act iv i t ies l e f t after various interval of 
times are presented in Table 5. New samples were always 
used at each time interval to avoid deterioration due to 
freezing and thawing. A cursory examination of the data o 
reveal that at -10 G the enzyme was f a i r l y stable when 
preserved in 10 mM tr is-Hd buffer pH 8.0 losing only 
34,5 and lO ^ original speci f ic act iv i ty in muscle and brain 
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respectively after a period of 25 days. However, the 
decrease in act iv ity was more pronounced when the enzyme 
was preserved at +6°C and was fu l l y inactivated after 
25 days of storage. Brain aldolase was more stable than 
the muscle enzyme. 
Use of Electrophoresis in the Separation of Multiple forms 
Starch gel electrophoresis was performed in cold 
(4-6°C) using a vert ical assembly. 50 - 100 pi of the 
undiluted supernatant fractions (except for muscle where 
1:4 dilution was used) containing 1-3 mg protein were 
applied in the slots of starch gel (12 g/lOO ml> prepared 
in citrate phosphate buffer, pH 7.0. A constant current 
of 0.8 mA/am was passed for 14-16 hours (voltage 80-100 V). 
After completion of the run, the gel was sliced horizontally. 
Ihe upper half was stained for protein while the lower 
half was cut into 0.5 cm segments. These were macerated 
with 1 ml of 50 mM veronal-HCL buf fer , pH 8.6 in a l l glass 
homogenizers and centrifuged in the cold. The starch f ree 
supernatants obtained were tested for enzyme and protein 
contents. 
A diagrammatic representation of the electrophoretic 
pattern of aldolase from the various organs of mouse, cotton 
rat, rabbit and monkey i s given in ELgs. 2 (A, B) and 3 (A, B), 
The isoenzyme patterns for skeletal muscle, spleen and lungs 
were similar for a l l the four species. The act iv i t i es were 
Pig. 2. EtLagrammatic representation of the aldolase 
isoenzymes from tissues of the mouse (A) 
and cotton rat (B) as separated by starch 
gel electrophoresis. 
Protein applied 1 - 3 mg 
Current (constant) 0,3 mh/om. 
Voltage 80 - lOO volts 
Time of run 14 - 15 hours 
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Fig. 3 Separation of the miil.tiple forms of aldolase 
after starch gel electrophoresis of the 
extracts of rabbit (A') and monkey (B) tissues. 
Protein applied 
Current (constant) 
Voltage 
'Urae of run 
1 - 3 mg 
0. S mi/cm 
80 - 100 volts 
15 - 16 hours 
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localized as a single band which migrated only a short 
distance from the point of application. Rabbit muscle 
showed an extensive: unresolved band presumably consisting 
of more than one component. Brain and testis of a l l the 
species showed f i v e and two bands respectively displaced 
towards anode in relation to the point of application 
excepting in rabbit testis -viieve the minor band of act iv i ty 
migrated towards cathode and the major towards anode. 
Mouse and monkey testicular tissues showed one major band 
towards anode and one minor band near the origin. In case 
of cotton rat, however, the pattern was reversed. Heart 
muscle from mouse and monkey were found to possess? 
respectively two and four multiple forms a l l migratii^ 
towards the anode while that from rabbit and cotton rat 
remained as a single band near the origin. Kidney of the 
mouse, rabbit and monkey moved as a single band of act iv i ty 
s l ight ly displaced from the point of application while the 
same tissue of the cotton rat was found to possess two 
isoenzymes running towards both electrodes. Liver exhibited 
one form of enzyme in the rabbit and monkey and two each in 
the mouse and in the cotton rat. The minor band of act iv i ty 
in l i ver of the mouse and of the cotton rat migrated towards 
the anode while the major band remained near the point of 
application in the case of the mouse enzyme and travelled 
towards the cathode in the case of the cotton rat enzyme. 
Maximum distance travelled by the aldolase isoenzymes in 
starch gel in the above three mammalian tissues was found 
o 0 
to be 15 cm. Identical patterns were obtained when tissues 
from several animals were separated by vert ical starch gel 
electrophoresis. Similarly sex differences in these 
mammalian species did not have any signif icant influence 
on the isoenzymic pattern. 
Pig. 4 shows the upper half of the gel plate stained 
with Anidoschwarz. Several bands having d i f f e rent ia l 
electrophoretic mobilities are v i s ib l e , the number of these 
bands, however, are d i f ferent in d i f ferent organs, Although 
Amidoschwarz staining revealed the presence of protein 
bands, analysis by Lowry's method fa i l ed to show the presence 
of s ignif icant amounts of protein in the eluates from 
di f ferent segments. This may be due to the fact that the 
concentration of the diffused protein in various segments 
was not suf f ic ient to give colour reactions with Folin*s 
reagent. 
Use of ion-exchange Chromatography in the 
Resolution of Isomeric forms 
Ihe use of column chromatography on DEAE-cellulose 
as a means of protein fractionation was introduced by Sober 
and Peterson (l964) and applied to serum proteins two years 
later (Sober, Gtter, Syekoff and Peterson, 1956), In the 
wake of these pioneering studies, similar techniques have 
been applied to a number of enzymes, starting with the 
separation of sdrum and tissue lactate dehydrogenase (Hess 
Hnd Walter, 1960; I96i^j 1961^ )^. DEAE-cellulose i s a ba^ic 
Slg, 4 Location of the protein bands of the particulate 
free supernatants of monkey tissues (Kidney — a« 
Testis - b, Heart - c, Liver -- d and Brain - e) 
by Atnidoschwarz staining after starch gel 
electrophoresis. 

ether of celliiLose in which the functional groups are 
-OCHg. GHg. N behaves as a monoacidic base the 
apparent pK value of which i s about 8.0 - 9,0. Hie 
pH of half neutralization of the active groups varies 
according to the nature of the e lectrolyte employed, i t 
acts as an e f f ec t i ve exchanger at pH values in the range 
6.0 - 9.0, and the adsorbed proteins may be,eluted by 
gradually reducing the pH and increasing the ionic strength 
of the medium. In some cases i t i s more helpful to use a 
continuous sodium chloride gradient elution up to a f inal 
concentration of 0.3 M sodium chloride. 
Resolution of Crystalline Rabbit Muscle Aldolase 
Since there are reports on the existence of isomeric 
forms in the highly purif ied and crystal l ine enzyme 
preparations wLz. six times recrystal l iaed hexokinase of 
yeast showing six d i f ferent forms (Kaj i , Itayser and 
Colowick, 1961) recrystal l ised bovine pancreatic ribonuclease 
revealing two forms (Martin and Porter, 1951) e tc . , attempts 
were also made to study i f enzyme heterogeneity existed in 
the crystall ine rabbit muscle aldolase which was procured 
from Nutritional Biochemical Go3?poration as a suspension in 
ammonium sulphate. The crystall ine aldolase was dissolved 
in the equilibrating buffer and 2 ml of the dialysed 
preparation containing 24 mg enzjmie protein were applied to 
a freshly equilibrated DEAS-cellulose column ( l . 8 x 14.5 cm) 
and eluted with increasing concentrations of sodium chloride. 
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Ihe resultant elution pro f i l e i s presented in Jig. 6 and 
shows that aldolase act iv i ty separated into three major 
and three minor bands, !rhe f i r s t major band of act iv i ty was 
eluted with the equilibrating buffer, and the others followed 
with 25, 50, 75, 100 and 200 mM sodium chloride. iSince 
the crystall ine preparation contained traces of LDH act iv i ty 
as contaminants, the various peaks were also analysed for 
LDH act iv i ty, i l g . 6 clearly shows the two LDH isomers 
eluting with the equilibrating buffer and 26 mM buffered 
sodium chloride although the act iv i ty of these two isoenzymes 
of LDH was much lower than that of the aldolase isoenzymes. 
In view of the interesting results obtained with crystal l ine 
aldolase attempts were made for studying the enzymic 
heterogeneity in the tissues of rabbit and rhesus monkey 
by subjecting them to similar treatment. 
Multiple forms of FW Aldolase and LDH of normal Rabbit 
Ussues as revealed by ioivexchange cairdmatography 
me homogenates of the acetone powders of rabbit 
muscle, brs.in and heart were prepared by grinding them with 
ice cold 10 mM tris-HCO. buffer (pH 8.0 ) , containing 0.2 mM 
EDTA (hereafter referred to as the equilibrating buf fer ) i n 
a Potter ElvelJJem homogenizer. The homogenates were dialysed 
overnight in cold (4°C) against the equilibrating buffer and 
then centrifuged at 4000 r.p.m. for 10 min. ^proximately 
2-3 ml of the dialysed preparation of muscle acetone powder 
f i g . 5 ELution pro f i l e of crystal l ine rabbit muscle 
aldolase (NBC) from DKAS-cellulose column. 
Si ze of the column 1.8 x 14, 6 cm 
Protein applied 24 mg 
Plow rate 1 ml/min. 
Volume of each fraction 10 ml 
FIG. 5 
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containing approximately 60 mg of enzyme protein were applied 
to a freshly equilibrated column (1.8 x 14.5 cm) of DEAB-
cellulose. The column was then washed with 100 - 160 ml 
of equilibrating buffer and eluted with sodium chloride 
using either gradient or stepwise elution procedure. 
Preliminary experiments using gradient elution 
indicated that a signif icant amount of protein containing 
high aldolase act iv i ty was eluted even before applying the 
chloride gradient thereby showing that the f i r s t fraction 
did not bind to the DElE-cellulose. Subsequently a 
gradient of chloride was applied with lO mM tris-HCl buffer 
(pH 8.0) as a starting solution in the mixing bott le and 
600 mM buffered sodium chloride (pH 8.0) in the reservoir. 
This procedure did not result in the separation into multiple 
forms of the portion of the act iv i ty that adhered to DEAB-
cellulose. Hie act iv i ty was, therefore, eluted as one band 
(seoond peak. Pig, 6 A). However, when the gradient was 
stretched wide (lO mM tris-HCl buffer as starting solution 
i n the mixing bott le and 260 mM buffered sodium chloride in 
the reservoir) this band was found to resolve into several 
multiple forms (Pig. 6 B). 
By stepwise elution, considerable success was achieved 
in resolving the homogenate of the muscle acetone powder 
into six fractions ( i l g . 7 A) eluting with 0, 26, 60, 76, lOO 
and 200 mM chloride. Recyclisation of some of these fractions 
in fresh columns under identical conditions showed that they 
Fig, 6 A typical elution p ro f i l e of aldolase isoenzymes 
of rabbit muscle acetone powder on DfiAE-
cellulose column. 
The column was elubed with a linear gradient 
of NaCl from 0 - 300 mM (A) and 0 - l50 mM (B), 
pH 8.0 after passing 150 ml of equilibrating 
buffer. 
• • 1 Aldolase 
Chloride 
0 o 0 Protein 
Size of the column 1.8 x 14.5 cm 
protein applied 45 mg (A) ; 45.5 mg (B) 
Flow rate i ml/min. 
Volume of each fraction 10 ml 
FIG.6 
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could be eluted with the sajne concentration of chloride 
used in their separation from the preparative column, 
21hus the elution p ro f i l e of rabbit muscle acetone 
powder resembles that of the crystal l ine rabbit muscle 
aldolase suggesting that DBAS-cellulose chromatography may 
conveniently be used for the separation of aldolase isoenzymes 
of various tissue extracts emplojdng even less puri f ied 
preparations. As no signif icant dif ference was observed in 
the elution pro f i l e by l inear gradient or stepwise elution, 
the later procedure was employed in a l l the subsequent experiments. 
Pigs. 7 B and 7 C represent the elution pro f i l es of 
the aldolase act iv i ty of the homogenates of acetone powders 
of brain and heart tissues. I t would be seen that aldolase 
of brain tissues resolved into more forms than present in 
muscle and heart, Ttie band of protein from muscle acetone 
powder eluting between 0 and 25 mM chloride concentration 
possessed maximum enzyme act iv i ty . Similarly high enzyme 
activity.was noticed in the fractions of brain acetone 
powder eluting with the higher sal t concentration. Hie 
homogenate of heart muscle possessing much lower act iv i ty , 
however, behaved in a d i f ferent manner, the major bands 
eluting only with buffers containing 0 to 60 mM chloride. 
An analysis of the LDH act iv i ty of muscle, brain 
and heart acetone powders revealed that brain possessed 
the maximum number of multiple forms while heart and muscle 
resolved into one and two forms respectively, LDH isoenzymes 
Fig, 7 DBAS-cellulose chromatography of the acetone 
powder of rabbit skeletal muscle (A ) , brain (B) 
and heart muscle (G) employihg stepwise 
elution procedure. Bie column was eluted with 
0 - 500 mM sodium chloride and lO ml fractions 
were collected, 
• Aldolase 
^^  ^^  ^ LDH , 
° — P r o t e i n 
Size of the column 
Protein applied 
Flow rate 
1.8 X 14.5 cm 
50 mg (A) J 49.2 mg (B)j 
48.5 mg (G) 
1 ml/min. 
FIG.7 
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of muscle were eluted with 0 and 25 mM sodium chloride 
while the eluting concentration for the heart enzyme was 
200 mM. Brain LDH, however, was found to be eluted over 
a wide concentrations range of sodium chloride. The LDH 
of muscle homogenate appeared to be loosely bound to the 
resin as i t could be readily eluted with very low concentration 
of chloride whereas that of the heart homogenate was firmly 
bound to the resin, eluting only with a high sal t ooncentraUon, 
A coB^arison of the aldolase and LDH act iv i t i es of the 
various tissues revealed that LDH possessed fewer isomeric 
forms than did aldolase. 
Properties of some selected Isomers of Muscle, 
Brain and Heart Aldolas"e 
Specific Act iv i t ies 
In Table 6 are given the speci f ic act iv i t i es of the 
multiple forms of aldolase separated by DEAE-cellulose 
chromatography as cou^jared to that of the acetone powder. 
100 and 200 mM sodium chloride eluates of muscle and brain 
exhibited maximum speci f ic act iv i ty while in case of the 
heart muscles the forms eluting with low sal t concentration 
showed maximum speci f ic act iv i ty . ' 
Ef fect of Substrate Concentration (Kjjj values) 
The e f f e c t of varying substrate concentration on the 
enzyme act iv i ty was investigated with a maximum of 2,5 ja moles 
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of FDP per reaction mixture. Michaelis constants computed 
from the Line we aver-Burk plots (Jigs. 8-10) are given in 
Table 6 and reveal that the K^^ values of the multiple forms 
increased along with the salt concentration used for elution 
in case of muscle and brain; however, the reverse pattern 
was observed with respect to the isomers of the heart muscle. 
Thermal Stabi l i ty of the Isomeric forms 
The residual act iv i t ies of aldolase isomers kept at 
d i f ferent temperatures as well as that of the unheated enzyme 
were compared and the results are presented in Table 7. The 
isoenzymes of skeletal muscle, brain and heart were completely 
inactivated above 60°C. Hie isomeric forms of heart and 
skeletal muscle eluting with equilibrating buffer showed 
more inactivation than the forms eluting with higher salt 
concentration indicating that chloride ion conferred some 
protective e f f e c t on the various Isoenzymes. However, in 
case of the multiple forms of brain aldolase, this e f f e c t 
was not very pronounced. 
Ef fect of pH 
Attenpts were made to study the e f f e c t of various 
buffers (Tris-HCl, veronal-HCl, phosphate and borate-KCl) 
over a wide pH range to see whether there existed a difference 
in pH optima of the various forms. However, no signif icant 
differences could be noticed due to fa i lure in obtaining sharp 
pH Optima for the reaction witdi any of the forms (results not, 
given). 
Pig. 8 Effect of substrate concentration on act iv i ty 
of aldolase isoenzymes, of rabbit skeletal muscle. 
Insets are the plots of the reciprocal of 
substrate concentration against reciprocal 
of act iv i ty. 
A) Homogenate of acetone powder 
B) Fraction eluting mth equilibrating buffer 
C) Fraction eluting with 50 mM NaGL 
D) Fraction eluting with 100 mM NaCl 
E) Fraction eluting with 200 mM NaGL 
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Jig, 9 Effect of substrate concentration on act iv i ty 
of aldolase isoenzymes of rabbit brain. 
Insets are the plots of the reciprocal of 
substrate concentration against reciprocal 
of act iv i ty . 
A) Homogenate of acetone powder 
B) Fraction eluting with equilibrating buffer 
G) Fraction eluting with lOO mM NaGl 
D) Fraction eluting with 200 mM NaCO. 
E) Fraction eluting with 400 mM NaOl 
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Pig. 10 Effect of'substrate concentration on act iv i ty 
of aldolase isoenzymes of rabbit heart. 
Insets are the plots of the reciprocal of 
substrate concentration against reciprocal 
of act iv i ty, 
A) HomDgenate of acetone powder 
B) Fraction elating with equilibrating buffer 
G> Fraction elating with 250 mM NaGL 
D) Fraction elating with 500 mM Nad 
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Table 6 - Specific act iv i t ies and K^ j values of aldolase 
Ucetone powder) and i t s multiple forms 
separated by DEAE-cellulose chromatography 
Ki 
31s sue Fraction 
, ^ e c i f i c 
, act iv i ty 
, \ value 
' X lO'^M 
Acetone powder 1068 2.8 
- mM NaCO. Eluate 1060 2.0 
25 mM Naa Eluate 472 -
0) H 0 
1 
50 mM NaCl Eluate 402 2.4 
75 mM NaCL Eluate -
100 mM NaCa Eluate .1900 3.2 
200 mM NaGl Eluate 1700 6.2 
Acetone powder 200 4.4 
- mM NaGL Eluate 161 2.2 
26 mM NaGL Eluate 372 
60 mM NaCa ELuate 390 ' -
a 75 mM 
100 mM 
Naa 
NaCi 
ELuate 
Eluate 
292 
930 
mm 
4.0 
200 mM Mad ELuate 407 6.2 
400 mM NaOL ELuate 175 16.0 
Acetone powder 114 6.8 
- mM Nad Eluate 305 10.0 
+» 
26 mM NaGL ELuate 395 3.8 
60 mM NaCl Eluate 172 2.2 
- mM NaCa Eluate in this table and in subsequent tables 
refers to the equilibrating buffer namely 10 inM Iris~HGl, 
pH 8.0. ' 
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Effect of Inhibitors and Activators 
She e f f e c t of SH group reactants, metal binders and 
divalent metal ions on the aldolase act iv i ty of acetone 
powder of rabbit tissues as well as on i t s various multiple 
forms were studied by preincubating the enzyme with the 
reactant for a period of 15 minutes after which the hydrazine 
sulphate and substrate was added and the reaction was carried 
out at 38°C. Ihe results obtained during the course of these 
investigations are reported in Tables 8 - lO. pCMB, N-ethyl 
maleimide (NEM> and iodoacetate inhibited the multiple forms 
of aldolase while glutathione (GSH), ^-mercaptoethanol and 
cysteine stimulated the enzyme act iv i ty (3kble 8), I t may 
be pointed out that with regard to inhibition by pCMB and 
NEM, the forms eluting with higher salt concentration were 
not as sensitive to the inhibitors as the forms eluting 
with lower salt concentration; however, a similar e f f e c t 
was not observed with iodoacetate. The activation by 
mercaptoethanol, glutathione and cysteine was more pronounced 
with the skeletal muscle isoenzymes eluting with higher 
salt concentration than the forms eluting with the 
equilibrating buffer, suggesting thereby that chloride ions 
had an activating e f f ec t on aldolase isoenzymes. Isoenzymes 
of brain and heart tissues, however, did not exhibit 
similar properties. 
In order to see i f SH activators (GSH and ^B-mercapto-
ethanol) could reverse the inhibitory e f f e c t due to SH inhibitors, 
B9 
the d i f ferent forms of muscle aldolase were incubated, f i r s t 
with pCMB, NEM or iodoacetate for 16 min aid then reincubated 
with SH activator for an identical interval. Results 
presented in Table i i would show that although glutathione 
and ^mercaptoethanol gave some protection, no signi f icant 
dif ference between the multiple forms could be observed with 
respect to this behaviour, 
o-Phenanthroline and 8-hydroxy qui noli ne par t ia l l y 
inactivated while BDTA stimulated the enzyme act iv i ty . 
Inactivation by o;-phenanthroline and 8-hydroxy qui noli ne 
was more pronounced in the multiple forms of muscle and 
heart tissues eluting with higher sal t concentration than in 
the isoenzymes of other tissues. None of the divalent ions 
2+ 2+ 2+ 2+ tr ied showed stimulatory e f f e c t , Gu , zn , Go , Mn , 
Ca^^ and Mg^ ^ were inhibitory in a decreasing order to the 
unresolved enzyme as well as to the multiple forms. The 
forms eluting with higher concentration of chloride were 
2+ 2+ 2+ 
not inhibited to the same extent by Cu , Zn and Ga 
as were the forms eluting with minimum salt concentration 
as well as the acetone powderj however, the reverse was 
2+ 2+ 
the case with Cb and Mn . The inhibitory e f f e c t of divalent 
cations was presumably due to their mediating the oxidation 
of active SH groups of the enzyme. 
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Separation and Characterization of the Multiple foms of 
FBP Aldolase and LDH Activity of Organ extracts of rhesus 
Monkey using ion-exchange Chromatography 
Brain, heart and testioular tissues, of rhesus monkey 
which could be resolved into multiple forms employing 
vert ica l starch gel electrophoresis were also separated by 
DEA®-cellulose chromatography and the properties of a few 
puri f ied isoenzymes thus separated were studied. 
Ammonium Sulphate Puri f ication 
Because of i t s large solubil i ty in water and absence 
of harmful e f f e c t on most enzymes, ammonium sulphate has 
conveniently been used for fractional precipitat ion of FEP 
aldolase. A p i l o t experiment was conducted in which aliquots 
of the 105,000 g particulate free supernatants of the 
extracts of brain, heart and testis of rhesus monkey were 
fract ional ly precipitated with solid ammonium sulphate using 
20, 40, 50, 60, 70 and 80 % saturation. Most of the aldolase 
and LDH act iv i ty of brain and heart tissues were recovered 
between 50 and 70 % saturation while in case of the testicular 
tissues the act iv i ty was local ized between 60 and 60 per cent 
saturation. 
Fractionation was carried out by taking 50 ml of i ce 
cold particulate free supernatants and slowly adding suf f ic ient 
sol id ammoniiKB sulphate to give 40 % saturation. The pH 
of the mixture was adjusted to 7.0 using ammonium hydroxide 
75 
and the suspension kept for two hours at 4°C. !i3ie contents 
were centrifuged in cold (2°C) at 10,000 r.p.m. for 20 min. 
and the supernatant containing most of the enzymes was brought 
to 60 % saturation in case of testis and 70 % saturation in 
case of brain and heart by adding solid ammonium siilphate. 
After adjusting the pH to 7,0 the contents were kept in 
cold room for 3 hours with occasional st irr ing for ensuring 
complete precipitation. Bie protein was recovered by 
centrifugation at 10,000 r.p.m, for 20 min., dissolved in 
3-5 ml of 10 mM tris-HGl buffer, pH 8,0 and dialysed overnight 
against the same buffer. The volume of the ammonium 
sulphate free dialysate (as tested by fa i lure to give 
precipitate with barium hydroxide) was noted and aldolase, 
LDH and protein content of these fractions determined after 
making prefer dilutions. Table 12 (A, B, C) describes the 
summary of puri f icat ion procedure and the recovery of enzymes. 
FIP aldolase act iv i ty of brain, heart and test is were 
puri f ied 3.45, 3.06 and 4.34 folds respectively while for 
LDH the corresponding values were 4.75, 3.14 and 2,8 folds 
respectively. 
Separation of the Multiple forms of Aldolase 
and LDH "of Monkey Essues 
!Ehe ammonium sulphate puri f ied enzyme preparations 
containing about 46 - 50 mg protein were passed through a 
column ( 1 , 8 x 14.5 cm) of DBAS-cellulose in chloride form 
and equilibrated with lO mM tris-HCl buffer, pH 8.0. The 
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column was washed with lOO ml of tiie equilibrating buffer 
and the stepwise elution of the protein was carried out 
by passing each time 100 ml of 10 mM tris-HCl buffer, 
pH 8.0 containing in sequence 26 , 50 , 75, lOO, 200, 300, 400 
and 500 mM sodium chloride, i l g . 11 (A, B, C) represent the 
elution pro f i l es of the ammonium sulphate puri f ied enzyme 
fractions of monkey brain, heart and testis. fflie pooled 
fractions obtained by mixing the tubes containing maximum 
act iv i ty with the adjacent ones (both sides) were used for 
studying the properties of the isoenzymes. The purif ied 
enzymes preparations could be stored frozen at -20°G for 
at least a week without any loss in act iv i ty and hence 
experiments were usually performed within one week of 
storage. Ihe fractions eluting with higher concentrations 
of chloride were found to be more stable than those eluted 
with low salt concentration. 
By DBAS-cellulose chromatography, the aldolase of 
brain and heart tissues was found to be resolved into six 
peaks (Pig. l l A, B) eluting with 0, 26, 50, 76, lOO and 200 
mM sodium chloride concentrations; while test is aldolase 
(Big. L l C) separated into four multiple forms eluting with 
25, 50, 75 and lOO mM sodium chloride. An analysis for the 
LDH act iv i ty of brain, heart and testis revealed that LDH 
of brain was separated into f i v e peaks eluting with 50, 75, 
100 , 200 and 300 mM salt concentration, while LDH peaks of 
testis were found in fractions having sodium chloride 
concentrations of 100 , 200 and 300 mM. Heart LDH, however. 
ELg, 11 Elution pro f i l es of aldolase isoenzymes of 
monkey brain (A), heart (B) and test is (G) 
employing stepwise elution from DEAB-
cellulose column. 
The protein fractions precipitating between 
40 to 70 per cent saturation -with ammonium 
sulphate were applied to the column and 
eluted with 0 - 500 mM NaCl. 
• • • Aldolase 
A A LDH 
o o o pro tei n 
Size of the column 1»8 x 14,5 cm 
Protein applied 48 mg (A); 49 mg (B); 
49.4 mg (G) 
Plow rate i ml/rain. 
Volume of each fraction lO ml 
FIG. II 
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\j 
resolved into one major peak eluting -with 200 mM and a minor 
peak eluting with 300 mM sodium chloride. Repeated elution 
studies gave more or less same elution pro f i l es . Some of 
/ 
the fractions of a l l the three tissues separated by DBAS-
cellulose chroraatography and having high aldolase act iv i ty 
were pooled individually and concentrated by dialysis against 
Aquacide I (Calbiochem, Los Angeles, California). Recyclisation 
of the Aquacide concentrate of d i f f erent peaks using fresh 
DEAB-cellulose column showed that they could be eluted with 
the same concentration of chloride used in their separation 
from the preparative column. A coo^jarison of the elution 
pro f i l es of the various tissues revealed that, in general, 
aldolase exhibited more forms than LDH, 
Ihe degree of puri f icat ion of various mfiJltipl-ft fornfe of 
aldolase and LDH achieved by DEAS-cellulose chromatography 
was calculated and the data ^ summarised in Table 13. 
The degree of puri f ication was calculated only for the 
fractions containing maximum act iv i ty . An examination of 
the table shows that the maximum puri f icat ion by ammonium 
sulphate followed by DBAS-cellulose chromatography of aldolase 
of brain, heart and testis was achieved in fractions eluting 
with 50, 75 and lOO mM sodium chloride respectively. However, 
for LDH the maximum puri f ication in a l l three tissues was 
obtained in the fraction eluting wilii 200 mM sodium chloride. 
In general 11.1 to 13.8 fo l4 puri f icat ion was achieved for 
aldolase of various tissues while the corresponding value 
81 
Table 13 - Pinal purif ication .of aldolase and LDH isoenzymes 
(a f ter . ammoniijm s-olphate treatment) by DEAB-
cellulose chromatography 
Aldolase LDH 
Tissue 
t 
* Fraction 
t 
t 
t 
^ e c i -
f i c 
act i-
v i t y 
Pur i f i -
cation 
( f o ld ) 
• f i c 
' ac t i -
[ v i t y 
- ' P u r i f l -
' cation 
; ( f o ld ) 
1 
Crude homogenate 111 1.00 118 1.00 
(1600 X g) 
(ra^JgSO^ purif ied fraction 383 3.45 668 4.75 
- mM Nad Eluate 545 6.45 — -
25 mM NaCL Eluate 640 6.76 - -
Brain 50 mM NaCl Eluate 1000 9.00 676 5.70 
•75 mM NadL Eluate 965 8.70 790 6,70 
100 mM NaCl Eluate 1230 11.10 836 7.00 
200 mM Nad Eluate 320 2.88 1600 13. 60 
300 mM Nad Eluate - - 1380 11.70 
Crude homogenate 56 1.00 150 1.00 
(1600 X g ) 
(NH^)2S0^ purif ied fraction 168 3.06 470 3.14 
- mM Wad Eluate 386 7.00 - -
25 mM Nad Eluate 166 2.84 - -
Heart 50 mM Nad Eluate 760 13. 80 -
76 mM NaCl iSluate 628 11.40 - -
lOO mM Nad ELuate 334 6.15 - -
200 mM Nad ELuate 70 1.27 2140 14.30 
300 mM Nad ELuate - - 670 4.46 
Crude homogenate 13.3 1.00 39. 5 1.00 
(1500 X g) 
purif ied fraction 67.6 4,34 I l l 2,80 
25 mM Nad Eluate 118 8.90 - -
Testis 60 mM Nad ELuate 139 10.40 - -
'76 mM Nad Eluate 151 11.31 -
100 mM Nad Eluate 112 8,45 170 4.30 
200 mM NaCl Eluate - - 338 8,56 
300 mM Nad Eluate 148 3.75 
82 
f o r LDH was between S.Sokd 14,3. Among the three organs, 
maximum puri f ication was achieved with the isoenzymes of 
heart muscles. 
Properties of some Selected .aldolase Isoenzymes 
of Brain, Heart and Testis 
Kpt value 
The e f f ec t of increasing concentration of FDP on the 
aldolase act iv i ty i s represented in Pigs, 1 2 - 1 4 and the Kjjj 
values computed from the Lineweaver Bark plots are given 
in Table 14. An analysis of the data obtained with the 
d i f f e rent isoenzymes of heart, brain and testis revealed 
that the fractions eluting with 50 mM salt concentration 
possessed maximum Kjjj value. However, in contrast to rabbit 
tissues no signif icant dif ference in the K^^^  values of the 
d i f f erent isoenzymes was observed in monkey tissues. 
Heat Inactivation of Aldolase Isoenzjnnes 
Hiermal s tabi l i ty of ammonium sulphate puri f ied aldolase 
as well as I t s multiple forms obtained by DEAS-cellulose 
chromatography was determined by keeping the enzyme preparations 
for 20 min, over a wide range of temperature and determining 
the residual act iv i ty in the centrifugates. From the data 
presented in Table 15 i t would be evident that the isoenzymes 
of brain, heart and testis were inactivated at temperatures 
above 60°G. The forms eluting with higher concentration of 
ELg, 12 Effect of substrate concentration on act iv i ty 
of aldolase isoenzymes of monkey brain. 
Insets are the plots of the reciprocal of 
substrate concentration against reciprocal 
of act iv i ty . 
A) Jtomonium sulphate purif ied enzyme 
B> Fraction eluting with equilibrating buffer 
G) Fraction eluting with 50 mM NaCl 
D) Fraction eluting with 200 mM NaCl 
FIG.12 
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f i g , 13 Effect of substrate concentration on act iv i ty 
of aldolase isoenzymes of monkey heart. 
Insets are the plots of the reciprocal of 
substrate concentration against reciprocal 
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A) Ammonium sulphate purif ied enzyme 
B) Fraction eluting with equilibrating buffer 
G) Fraction eluting with 50 mM NaCl 
D> Fraction eluting with 200 mM NaC3. 
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51 g. 14 Effect of substrate concentration on act iv i ty 
of aldolase isoenzymes of monkey test is. 
Insets are the plots of the reciprocal of 
substrate concentration against reciprocal 
of act iv i ty . 
A) Ammonium sulphate purif ied enzyme 
B) Fraction eluting with equilibrating buffer 
G) Fraction eluting with 50 mM NaCl 
D) Fraction eluting with lOO mM Nad 
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Table 14 - Kgj values of aldolase Cammoriium sulphate 
puri f ied enzyme) and i t s multiple 
forms separated by DBAS-cellulose 
chromatography 
Tissue Fraction « m 
value 
; X 10"^M 
Brain 
0.4 - 0.7 CNH4)gS0^satn. 
- mM Nad Eluate 
50 mM NaCl ELuate 
200 mM Naca. Eluate 
3.30 
2.44 
5.22 
3.66 
Heart 
0.4 - 0»7 satn. 
- mM NaCl Eluate 
50 mM NaCl ELuate 
200 mM Nad Eluate 
4.80 
3.84 
4.00 
2.44 
Testis 
0.4 - 0.6 satp. 
- mM Nad Eluate 
50 mM Nad ELuate 
lOO mM Nad Eluate 
3. 02 
3.30 
5.56 
4.00 
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chloride were less sensitive to heat inactivation than the 
forms eluting with lower salt concentration. The isoenzymes 
of the three tissues were found to be d i f f erent from one 
another with respect to temperature s tab i l i t y , the brain and 
testis isoenzymes being readily inactivated when compared to 
the re lat ive ly resistant heart isoenzymes. 
Effect of Temperature on Enzyme Act iv i ty 
(Activation Biergy) 
The dependence of reaction ve loc i ty on temperature 
would be exp l ic i t from the data in Jigs. 15 - 17. The log 
of reaction velocity versus the reciprocal of the absolute 
o 
temperature plot was linear between 25 and 40 C. The slope 
of the l ine thus obtained helped in calculated the activation 
energy (E) in calories per mole of FDP. The values of E 
obtained from the Arrhenius plots for ammonium sulphate 
purif ied aldolase of brain, heart and test is as well as their 
multiple forms obtained by DEAS-ceBilose chromatography are 
presented in Table l6. The data indicates that ammonium 
sulphate purif ied fractions of brain showed maximum activation 
energy followed by heart and test is . Similarly the multiple 
forms of heart and brain were found to require more activation 
energy than was needed by the test is isoenzymes. In general 
the forms eluting with lOO - 200 mM sodium chloride showed minimal 
aativation energy for a l l the tissues. 
Optimum pH 
Different buffers (Tris-HCa., veronal-HGl, phosphate and 
Big. 15 Arrhenius plots for the monkey brain aldolase 
and i t s multiple forms over the temperature 
range of 25 - 40°C. 
A) Ammonium sulphate purif ied enzyme 
B) Fraction eluting with equilibrating buffer 
C) Fraction eluting with 50 mM NaCl 
D) Fraction eluting with 200 mM NaOL 
FIG. 15 
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Fig. 16 Arrhenius plots for the monkey heart aldolase 
and i t s multiple forms over the temperature 
range of 25 - 40°C. 
A) Ammonium sulphate purif ied enzyme 
B) Fraction eluting with equilibrating buffer 
G) Fraction eluting with 50 mM NaCl 
D) Fraction eluting with 200 mM NaCl 
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i l g . 17 Arrhenius plots for the monkey testis aldolase 
and i t s multiple forms over the temperature 
range of 25 - 40°C. 
A) Ammonium sulphate puri f ied enzyme 
B) Fraction eluting with equilibrating buffer 
G) Fraction eluting with 50 mM Nad 
D) Fraction eluting with lOO mM NaOL 
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Table 16 - Activation energy of aldolase (ammoniiM 
sulphate puri f ied enzyme) and i t s 
multiple forms 
' ' Activation energy 
Ussue ' Fraction * Ccalories per mole 
« ' of FW) 
t t 
0,4 - 0o7 CNH >^2S04 satCi. 27,400 
- mM Nad ELuate 11,800 
50 mM NaCa ELuate 16,600 
200 mM Nad ELuate 9,l50 
Brain 
Heart 
Testis 
0.4 - 0.7 (1^4)2^04 satn. 15,600 
- mM Nad ELuate 16,000 
50 mM Nad ELuate 18,200 
200 mM Nad ELuate 11,100 
0,4 - 0.6 (WH4)gS0^ satn. 10,950 
25 mM Nad ELuate 6,400 
50 mM Nad ELuate 4,555 
100 mM Nad ELuate 2,740 
87 
Borate-KCl) were employed to find i f any signi f icant dif ference 
existed in the pH optima of various isoenzymes. However, as 
in the case of multiple forms of rabbit tissue aldolase, 
the corresponding forms of monkey tissues were active over 
a wide range of pH and hence no signif icant differences 
could be noticed due to the fa i lure in obtaining sharp pH 
curves (results not presented). 
Ef fect of Inhibitors and Activators 
The e f f ec t of certain compounds acting on the SH groups 
of the enzyme, metal chelators and a few cations on the 
aldolase activity of ammonium sulphate puri f ied enzyme as well 
as on i t s multiple forms were studied, Hherever possible 
reversal by the appropriate antagonizing reagent was attempted. 
Among the SH reactants, ^-mercaptoethanol, glutathione 
and cysteine stimulated aldolase act iv i ty of the ammonium 
sulphate purif ied fraction as well as the various forms 
eluting with di f ferent salt concentration while pGMB, iodoacetate 
and I^-ethyl maleimide (NM) inhibited the enzyme (Table 17). 
Ihe activation of the multiple forms of brain, heart and 
testis eluting with 60, 50 and lOO mM sodium chloride 
respectively was more by the SH activators than the values 
obtained with remaining forms, iimong the SH inhibitors, pCMB 
and NEM were more active than iodoacetate which e f f e c t i v e l y 
-3 
inhibited the enzyme at 5 x 10 M concentration. Further, the 
multiple forms of brain, heart and testis eluting with maximum 
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salt concentration were less susceptible towards the inhibitory 
action of SH binders. 
The inhibitory e f f e c t of pCMB could be reversed by 
the addition of glutathione. Ihe reversal by glutathione 
was comparatively more for the multiple forms of heart and 
test is eluting with 50 mM sodium chloride and of brain eluting 
with equilibrating buffer, 
Anong the metal chelators o-phenanthroline inactivated 
— 3 the enzyme at a f ina l concentration of 1 x 10 M while ED 11 
(Table IS) 
showed a stimulatory e f fect/ Using a concentration of 1 x lO"" M, 
f 
o(-«5(-dipyridyl s l ight ly inhibited the aldolase of brain and 
test is and their multiple forms. On the contrary, 8-hydroxy 
qui noli ne s l ight ly activated the ammonium sulphate puri f ied 
aldolase of the three tissues and their multiple forms. Among 
the isoenzymes of aldolase the forms eluting with higher 
sal t concentration showed more activation by EDTl and 8-
hydroxy quinoline than the forms eluting with the equilibrating 
buffer thus showing the dif ference between the multiple forms. 
Inactivation due to o-Phenanthroline was less pronounced for 
the isoenzymic forms eluting with high concentration of chloride. 
The e f f ec t of d i f f e rent divalent cations and thymol 
on the ammonium sulphate puri f ied enzyme and th^ir multiple 
forms was studied and the results are presented in Table l9. 
The data revealed that a l l . the divalent metal ions and thymol 
were inhibitory to aldolase and i t s isoenzymes. Bie most 
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e f f ec t i ve inhibitor was Cu"^ ^ inhibiting at a f ina l concentration 
— 6 +2 +2 +2 +2 +2 Of 1 X 10 M followed by Zn , Co , Mn and Ca . Mg 
-3 at 1 X 10 M concentration was found no to have any signif icant 
e f f e c t . Inhibition by thymol was e f f ec t i ve at a concentration 
-3 
of 1 X 10 M. In general per cent inactivation of aldolase 
act iv i ty by cations and thymol was less for the forms eluting 
with higher salt concentration than for the forms eluting 
with lower salt concentration. Ihe inhibitory e f f e c t of 
metal ions may be due to the oxidation of SH groups of the 
enzyme. 
These studies thus point out the dif ference in the 
properties of various multiple forms of aldolase separated 
frcan a number of mammalian tissues. These properties include 
the relat ive a f f in i t y of the enzyme for the substrate and 
susceptibil ity to the inhibitory action of enzyme poisons 
and the sensit ivity to heat. 
CH^TER IV 
D I S C U S S I O N 
DISCUSSION 
ELectrophoretic Separation of Isoenzymes 
Detailed studies on the electrophoretic behaviour 
of FDP aldolase on starch gel electrophoresis, have 
established the heterogeneity of the enzyme in the organs 
of four mammalian species (mouse, cotton rat, rabbit and 
monkey) particularly, in the brain, heart, kidney, l i ver 
and testis. No signif icant variation in the total quantity 
of the enzyme present in the d i f ferent organs nor in the 
multiple forms of aldolase was observed between male and 
female, Ihe pattern of distribution of the multiple forms 
was found to be reproducible i n d i f ferent batches of 
animals of the same species. Almost unanimously previous 
workers have shown the existence of one and f i v e forms of 
isoenzymes of aldolase i n skeletal muscle and brain of 
various mammalian, amphibian and avian tissues, Anstall, 
Lapp and Truj i l lo (l966), however, reported two and four 
forms in skeletal muscle and brain tissues of the human 
and rat respectively. Recently Dikov (1968) observed 
seven isoenzymes of aldolase in skeletal muscle and brain 
of human tissues. By analogy with the established properties 
of aldolase in d i f ferent species, the band of act iv i ty 
exhibited by muscle in the present investigation may be 
designated as aldolase A, The occurrence of f i v e isoenzymes 
94 
in mouse brain reported no\ir i s in agreement with the 
observations of Masters (l967) who succeeded in separating 
an identical number of isoenzymes from the mouse brain 
using acrylamide gel electrophoresis. Once again by 
analogy with the demonstrated relationship to other species, 
the f i ve bands of brain may be considered to consist of 
A G hybrids and the parental A and G forms (Penhoet, fta^kumar 
and autter, 1966). In the brain tissue of a l l the four 
species studied, the band corresponding to aldolase A was 
present in greater concentration than the band corresponding 
to aldolase C. 
The aldolase isoenzymes of heart, l i ve r and kidney 
tissues have been shown to vary from species to species. 
Human (Pietruszko and Baron, 1967; ttLkov, 1968; Lebherz and 
Rutter, 1969), monkey, pig (Lebherz and Rutter, 1969), 
catt le , sheep (Sheedy and Masters, 1969), chick (Masters, 1967; 
Herskovita,Masters and Wassarman, 1967; Lebherz and Rutter, 
1969) and frog (Anstall, Lapp and I tu j i l l o , 1966; Lebherz 
and Rutter, 1969) heart resolved into three to seven forms 
while guinea pig heart (Masters, 1968) separated into two 
forms. Bovine (Lebherz and Rutter, 1969), rabbit (Masters, 
1968; Lebherz and Rutter, 1969) and hamster (Masters, l968) 
heart muscle, however, fa i l ed to show multiple forms. 
Several isomeric forms of aldolase were observed in the 
l i v e r and kidney tissues of human (lUkov, l968), catt le , 
sheep (Sheedy and Masters, 1969), guinea pig, rabbit, 
o oi 
hamster (Masters, 1968), rat (Penhoet, Rajkumar and Rutter, 
19665 Christen, Rensing, Schmid and Leuthardt, 1966; 
Masters, 1968; Lebherz and Rutter, 1969), chick and frog 
(Lebherz and Rutter, l969). Kidney of the human (HLkov, 1968), 
catt le , sheep (Sheedy and Masters, 1969), bovine, pig, chick 
1969), 
(Lebherz and Rutteri,/ guinea pig and hamster (Masters, 1968) 
showed more multiple forms than that of the l i v e r . In the 
present study, heart, l i ve r and kidney tissues of the mouse, 
cotton rat, rabbit and monkey could be separated into 2, 2, l ; 
1, 2, 2; 1, 1, 1 and 4, l , l isoenzymes. 
!rhe testicular tissues of the mouse, the cotton rat, 
the rabbit and the monkey could be separated into two 
isomeric forms. The presence of four isoenzymes has, 
however, been reported in the rat testis (Christen, Rensing, 
Schmid and Leuthardt, l966; Rensing, Schmid and Leuthardt, 
1967). Lung tissues of the four species studied in this 
laboratory did not show heterogeneity although the catt le, 
sheep (Sheedy and Masters, 1969), guinea pig (Masters, 1968) 
and rat (Masters, l968j Rensing, Schmid and Leuthardt, l967) 
lung enzymes were reported to exist in 5, 5, 2 and 2 isomeric 
forms respectively, She aldolase of the spleen tissue of 
the human (Dikov, 1968), catt le , sheep (Sheedy and Masters, 
1969), chick, bovine, pig, frog (Lebherz and Rutter, 1969), 
guinea pig, rabbit and rat (Masters, 1968) resolved into 
two to six forms, while in the present investigation i t did 
not exhibit multiple forms. Our observations in the monkey 
B6 
and rabbit tissues support the findings of Lebherz and 
Rutter (i969) who have reported f i v e and four isoenzymes 
in rabbit and monkey heart using polyacetate electrophoresis. 
'Ihese authors could also separate the rabbit kidney into 
two isomeric forms unlike our observations where the same 
tissue was seen to migrate as a single cathodic band on 
starch gel electrophoresis. Their fai lure in resolving 
the aldolase act iv i ty of skeletal muscle, l i v e r and spleen 
of adult monkey and rabbit into multiple forms are in 
confonnity with the present findings, 
A scrutiny of the d i f ferent isoenzymes of aldolase 
separated by starch gel electrc^horesis revealed that, in 
general, most of them were negatively charged although the 
presence of cationic isoenzymes was also observed in kidney 
and l i v e r of cotton rat. Testis, kidney and l i v e r of rabbit 
also showed similar behaviour. Similar cationic forms have 
been detected in almost a l l the species studied so far (Table 20), 
I t may be noted that the number of isoenzymes varied i n 
the same organs of d i f ferent animals. Thus,, heart tissues ^ 
,of the monkey and the mouse separated into four and two 
forms while l iver was found to exhibit one form in the rabbit 
and monkey and two in the mouse and cotton rat. The 
discrepancy in the number of isoenzymes i n the same organ 
of d i f ferent species may possibly be r ec t i f i ed i f the method 
of estimation is made more sensitive in order to detect the 
fa int bands which otherwise can possibly be missed by the 
Q' 
KJ 
presently available methods of assay. BIQ re lat ive 
distribution of the isoenzymes of aldolase also varied 
considerably, not only from tissue to tissue but also from 
species to species. In certain cases there are considerable 
discrepancies between the values obtained from the same 
tissue by d i f ferent investigators. Ihese may be partly due 
to variations in technique and in the treatment of the 
specimen before electrophoresis, and also possibly to 
disproportionate loss of the more lab i l e isoenzymes. Other 
l ike ly cause of variation, especially in case of human 
species, include post-mortum autolysis and contamination of 
certain tissues with blood. By taking out the tissues from 
freshly slaughtered animals and processing them under 
controlled conditions by identical procedures, post mortem 
changes and alteration in act iv i ty caused by dif ference in 
the technique of processing the tissue were avoided in the 
present study, 
FDP aldolase of mammalian tissues has been c lassi f ied 
into three msin groups: Aldolase 'A' found mostly in the 
skeletal muscle with a re lat ive act iv i ty rat io (FQP/FIP) 55, 
aldolase B found in the l iver with a re lat ive act iv i ty rat io 
(FDP/FIP) 1,2 and aldolase C found in brain along with 
aldolase A with a re lat ive act iv i ty rat io CFWFIP) 26 
(Penhoet, Rajkuraar and Rutter, 1966), I t has been suggested 
that aldolase A i s tailored for glycolysis, whilst aldolase B 
seems more suited to gluconeogenesis and fructose metabolism 
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in the tissue. As yet , however, no dist inct ive biological 
role for aldolase C has become evident. Aldolase A, B, C 
are composed of two non-identical subunits (<< and^ ) and 
the unresolved whole molecule i s considered to be a tetramer 
(oCoCySyB) (Horecker, l968). Assuming that a given tissue 
can contain f i v e isoenzymes the poss ib i l i ty of the combination 
of the subunits of tiae two main forms i s as fol lows: two of 
the original and three hybrids, Hius in brain containing 
a mixture of A and C forms, the following f i v e forms are 
possible in which A' and C represents one of the subunits 
of A and G respectively. 
A' A' 1' A' (A'4) Pure A type 
Hybrids 
A' A' A' C (A'3 C ) 
A' A' C» C (A'2 G'g) 
A' C G« C" (A« G'g) 
C G' C' G' (G'^) pure G type 
The re lat ive migration of the hypothetical pure 
forms and the hybrids i s i l lustrated in f i g . 18. Biere i s 
a similar theoretical poss ib i l i ty of hybridization between A 
and B and between B and G. As to why a l l the forms are 
not detected in any specif ied tissue having two parental 
aldolases could be accounted for by the genetic inab i l i t y 
of the tissue concerned to achieve a l l the hybridization 
0 
and also due to the differences in the re lat ive quantity of 
the two forms in each hybrid. Thus, i f the re lat ive amount 
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of G i s small, isomer A' G'^ and G'^ might not show up as 
distinct entit ies and hence only three forms might be 
visualized by the techniques available presently. An 
alternative possibi l i ty of hybridization betweeno^and^ 
chains of muscle aldolase to give f i v e forms has also been 
proposed (Kochman, Penhoet and Rutter, 1968) but has not 
received much experimental support. 
Chromatographic Separation of Isoenzymes 
Aldolase Isoenzymes 
I t i s known that certain enzymes apparently homogeneous 
by a variety of c r i t e r ia , can be separated into active 
fractions by column chromatography. 3ko forms of aldolase, 
one acting on FDP and the other on F-l-P were separated 
chromatographically from l i v e r fraction by Kaletta-Gmunder, 
Wolf and Leuthardt (l957). Rutter, Woodfin and Blostein 
(1963) have also reported that the rabbit l i ve r enzyme could 
be resolved either by chromatography or electrophoresis 
into two distinct forms, Penhoet, Rajkumar and Rutter (l966) 
detected f i v e forms including three hybrids by zone 
electrophoresis and by chromatography for each tv;o membered 
set of parent aldolases. They could succeed i n resolving 
the f i v e isoenzymes of rabbit brain by passing puri f ied 
aldolase through DEAB-cellulose column and employing linear 
chloride gradient (0 - 400 mM) in t r is buffer. 
n 
In view of the fact that bovine pancreatic ribonuclease 
in i t s highly crystal l ine form (Martin and Porter, l951) 
as well as six times crystal l ised yeast hexokinase (Kaj i , 
Itayser and Golowick, l96i) have been found to be resolved 
by chromatography into two and six d i f f erent active fractions 
i t was considered of interest to see i f commercially available 
5 X crystall ine rabbit muscle aldolase also occurred in 
multiple forms. From the same point of view various organ 
extracts of rabbit and monkey were also re-examined for 
studying the chromatographic heterogeneity of FW aldolase. 
The present studies on the d i f ferent tissues of rabbit and 
monkey and on the 5 x crystall ine rabbit muscle aldolase 
confirmed the existence of multiple forms in brain and heart 
of rabbit and rhesus monkey as well as in the skeletal 
muscle and testis of rabbit and monkey respectively. The 
elution p ro f i l e of the crystall ine rabbit muscle aldolase 
was found to resemble that of the rabbit skeletal muscle 
acetone powder. Bie similarity of the elution p ro f i l e of 
the skeletal muscle enzyme with that of crystal l ine aldolase 
ruled out the possib i l i ty of interference by artefacts in 
the visualization of the multiple forms. Repeated 
chromatographic experiments gave reproducible elution 
prof i les and recyclization of some of the active bands 
through the column resulted in the recovery of these bands 
with the same strength of eluting buffer as employed in the 
f i r s t preparation. 
Rabbit skeletal muscle acetone powder possessing 
maximum act iv i ty was shown to move as a single extensive 
unresolved band when separated by starch gel electrophoresis. 
However, six moleular forms were obtained when the same 
tissue was separated by DBAS-cellulose chromatography. I t 
i s quite l ike ly that starch gel electrophoresis may not 
be useful in separating the multiple forms in skeletal 
muscle because the charges on them may be too close to each 
other, while the chromatographic technique may be more 
e f f i c i en t in separating the various isoenzymes based on 
differences in their ionic behaviour. Other workers have 
also reported the resolution of muscle aldolase into 
multiple forms. Human muscle (Anstall, Lapp and I tu j i l l o , 
1966J. Dikov, 1968) has been reported to resolve into two 
and seven forms while rat muscle (Anstall, Lapp and 
Truj i l lo , 1966) was found to possess only two isoenzymes. 
Sheedy and Masters (l969) in catt le and sheep muscle have 
reported f i v e forms while Kochman, Penhoet and Rutter (1968) 
observed that muscle aldolase could be separated into f i v e 
multiple forms which they attribute to random association 
of the two non-identical subunits. 
Rabbit and monkey brain aldolase which has been found 
to resolve into f i v e forms on starch gel could be separated 
into seven and six forms respectively on DEAB-cellulose column. 
The occurrence of seven isoenzymes in rabbit brain i s supported 
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by the finding of Dlkov (l968) who has also reported identical 
number of multiple forms in human brain. Heart muscle 
aldolase of rabbit and monkey which was found to exhibit 
one and four forms on starch gel electrophoresis could be 
separated into f i v e (three major and two minor) and six 
forms respectively lay chromatography on DElS-cellulose. 
Ihe isoenzymes of aldolase in cat t le , sheep (Sheedy and 
Masters, 1969), cliLcken (Herskovits, Masters, Wassarman and 
Kaplan, 1967; Masters, 1967; Lebherz and-Rutter, 1969) heart 
has been reported to exist in f i v e forms while the same 
tissue of human (Dikov, 1968) exhibited seven multiple forms. 
Testis of monkey which was resolved into two multiple forms 
of aldolase by starch gel electrophoresis, was found to be 
fractionated into four forms when subjected to DE^B-cellulose 
chromatography. In rat testicular tissues four molecular 
forms of aldolase have also been observed by other 
investigators (Christen, Rensing, Schmid and Leuthardt, l966). 
Under a particular set of assay conditions an enzyme 
has an apparent optimum temperature interpreted to be the 
result of two process. One i s the increase in the rate of 
catalyzed reaction with increasing temperature, and the 
other i s increase in the rate of denaturation of the enzyme, 
leading to f a l l in the enzyme act iv i ty at higher temperature. 
The apparent optimum temperature i s sensitive to changes in 
the conditions of assay, and is of l i t t l e theoretical 
significance. However, the study of the e f fects of temperature 
153 
on an enzyme reaction carried out over a range of temperature 
in which denaturation of the enzyme protein takes place only 
to a negligible exteat, can y ie ld important information 
on the thermodynamics of the reaction. 
Ihe rate of inactivation of enzymes in solution 
increases rapidly with the temperature; in nearly a l l cases 
inactivation becomes virtual ly instantenous at temperature 
well below 100°C and in the majority of cases well below 
70°G. Ihe number of enzymes which can withstand a temperature 
of 100°C i s extremely small; the classical enzjrme is 
adenylate kinase which wi l l withstand prolonged heating at 
100°C at pH 1,0. I t is interesting, however, that certain 
bacteria which normally l i v e at high temperatures (thermophilic 
bacteria) contain enzymes which are abnormally heat stable. 
For exanple, a crystall ine o^-amylase isolated from Bacillus 
s tear o therm op hi lus was shown to retain 90 ^ of i ts act iv i ty 
after one hour at 90°G (Manning and Campbell, 1961). 
Ihe study of heat inactivation of aldolase isoenzymes 
was of considerable interest in the di f ferent iat ion of the 
multiple forms. In most cases the isoenzyme appeared to be 
inactivated at d i f ferent rates at the same temperature and 
pH values. In the present investigation, one feature common 
to the enzyme of a l l the tissues studied was that the multiple 
^ t 
forms of rabbit and monkey tissues eluting with high salt 
concentration were less susceptible to heat inactivation than 
the forms eluting with low salt concentration. The secondary 
and tert iary structure of the various aldolase isoenzymes 
may be d i f ferent . This assumption i s based on the observation 
that d i f f erent isoenzymes were inactivated with d i f ferent 
rates. 
In order that a molecule should take part in any 
reaction i t must f i r s t be activated, i l r s t i t must absorb 
energy E, after which i t reacts and i s converted into end 
products, E is called the 'act ivat ion energy' or c r i t i ca l 
increament and may be regarded as the amount of energy 
needed for placing the molecules in reactive state. In case 
of the catalysed reaction the energy barrier is bypassed 
and the agent responsible i s believed to form an intermediate 
complex, the formation of which requires less energy, so 
i s the case with the enzyme catalysed reactions, Where two 
or more enzymes catalyze the same reaction, d i f ferent 
activation energy i s obtained with each enzyme, but where 
one enzyme acts on several substrates, the same activation 
energy i s often obtained for a l l the substrates, ^ In fact 
the activation energy appears to be more characterjtic of the 
enzyme than of the substrate. Die difference in the activation 
energy of the various multiple forms of monkey tissues indicated 
that they have di f ferent turnover number and thus suggested 
the non identity of the various peaks. 
Data on the Kjjj value, e f f e c t of SH activators and 
inhibitors, metal ions and metal binders showed that the multiple 
forms of the ehzyme di f fered from one another. 
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Ihe a f f in i t y of an enzyme for i t s substrate could be 
numerically evaluated by detei^ning i t s K^ value. A high 
Kjjj i s indicative of low enzyme substrate a f f in i t y and vice versa. 
Kie Kjji values of the multiple forms of aldolase obtained 
from brain and muscle tissues of rabbit; were found to be 
dependent on the chloride concentration of the eluent 
showing an increase along with the concomitant r ise in Nad 
concentration. Thus the forms eluting with high concentration 
of NaCl would have less a f f in i t y for FDP and those eluting 
with lower concentration of NaCO. would have comparatively 
more a f f in i t y for the substrate. In contrast to brain and 
heart tissues of rabbit, no signi f icant differences in K^ 
values of d i f ferent isoenzymes of monkey tissues was observed. 
The d i f ferent isoenzymes have d i f ferent subunit structure 
and the placemeitt of the subunits in a given molecule may 
be responsible for varying a f f i n i t y of the isoenzymes for 
the substrate. IJie difference in the Kjjj values of aldolase 
isoenzymes from a given tissue suggest that beside quaternary 
structure they may also d i f f e r with respect to their tertiary 
stytcccture. 
I t has been observed that the act iv i ty of the forms 
eluting with high salt concentration could be stimulated to 
a greater extent by SH activators and less susceptible to SH 
inhibitor and cations than the forms eluting with low salt 
concentration. The metal binders also have a d i f f e rent e f f e c t 
on various isoenzymes. Rabbit muscle aldolase apparently 
contains a l l of i t s cysteine in the reduced form (28 moles 
per" molecule of enzyme*, Swenson and Boyer, i9S7)," Tlie teiii " 
most reactive sulfhydryl (SH) groups can be reacted \dth 
pCMB without decreasing enzyme act iv i ty . Further combination 
of less reactive sulfhydryl groups with this reagent now 
causes the act iv i ty to diminish and the presence of substrate 
does not prevent this decrease. I t has been suggested that 
sulfhydryl groups are needed to maintain the structural 
characteristics essential to the act iv ity of the enzyme, 
but that they are not essential in the sense that they are 
involved in the primary catalytic act. Ihe inhibit ion of 
aldolase observed after reaction of pCMB with the less 
reactive SH groups suggest a change in the enzymes secondary 
structure rather than a binding to the active s i te . Bie 
d i f f erent behaviour of pGMB towards the d i f ferent isoenzymes 
of rabbit and monkey tissue aldolase suggest that the multiple 
forms are presumably di f ferent from each other with respect 
to their secondary structure. 
The isoenzymes of muscle tissue and brain of rabbit 
showed some striking dissimilarit ies with respect to their 
elution behaviour, 'Ihe fract ion possessing a high act iv i ty 
from the muscle extract was eluted by a buffer containing 
only traces of chloride ions whereas the corresponding 
fraction of the brain required 100 mM sodium chloride for 
elution from the column. Die activation by EDTA of the 
aldolase isoenzymes of rabbit and monkey tissues was presumably 
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due to the removal of traces of heavy metallic ions 
inadvertantly present as contsminants. The isoenzymes of 
rabbit heart muscle were, however, not affected by EDTi. 
Kobashi and Horecker (1967) have discovered that o-phenanthroline, 
in the presence of molecular oxygen and traces of cupric ion, 
catalyses the speci f ic oxidation at neutral pH of 6 - 10 
cysteine residues to form 3 - 5 disulfides with complete 
inactivation of the enzyme. Loss of act iv i ty , as well as 
formation of the disulfides, was reversed by sulfhydryl 
compounds, !]lius, the inhibition of the aldolase isoenzymes 
by o-phenanthroline observed in the present studies was 
apparently related to the oxidation of active SH groups, 
LDH Isoenzymes 
As early as i960 Hess and Walter f i r s t used DE^ jS-
cellulose chromatography for the separation of hxjman serum 
and tissue LDH isoenzymes, Ibese authors eluted the enzyme 
with a series of phosphate buffers of gradually increasing 
ionic strength. In general 5 - 6 d i f ferent fractions were 
found, 1 - 3 of which were responsible for about 90 % of the 
total act iv i ty . Two main bands of act iv i ty were present 
in heart extracts while l i ver showed one main fract ion and 
f i v e minor fractions. Erythrocyte gave two or three and 
thrombocyte f i v e or six fractions, k s i i i^ l i f ied 'batch* 
procedure for the d i f f e rent ia l determination of serum LDH 
isoenzymes has been divlsed,by Hess and Walter (l96l®'j l96i^) , 
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who treated dialysed serum with a DEAE-cellulose suspension 
in phosphate buffer at pH 6.0. After centrifugation the 
LDH remaining in the supernatant was compared with that 
of similarly untreated serum. Ihe more acidic (anodic) 
isoenzymes were preferential ly adsorbed while the more 
basic components remained in supernatant. Die opposite 
e f f ec ts were observed when similar experiments were performed 
with CM-cellulose, for this exchanger preferent ial ly adsorbed 
the more basic (cathodic) isoenzymes while the more acidic 
fractions remained in the supernatant (ifithycombe and 
l i lk inson, 1963). DEAS-sephadex a more consistent product 
than DEAB-cellulose has also been used by Richterich, 
Schafroth and Afebi (1963) for the separation of LDH isoenzymes 
in human tissues, Ussues with high aerobic metabolism 
(heart, brain and kidney) have a high content of electrophoreti-
cal ly fast moving isoenzymes. ELectrbphoretically slow 
moving isoenzymes predominate in skeletal muscle and l iver » 
The LDH isoenzymes of the rabbit and monkey tissues 
has also been investigated employing DEAE-cellulose chromatography. 
The results of the study suggest that the fraction of rabbit 
and monkey heart LDH which was strongly bound to the column 
4 
may correspond to the main band visualized by starch gel 
electrophoresis (Plagemann, Gregory and Wroblew^ki, i960). 
In contrast the LDH of rabbit muscle which was eluted by 
the equilibrating buffer was identical with the slow moving 
band observed in electrophoretic separation (Plageman, Greogory 
and IJjroblewski, i960), LDH of rabbit and monkey brain was 
resolved into six and f i v e fractions by chromatography; 
while f i v e of these presumably were identical with the 
f i v e forms separating on gel electrophoresis (Plageman, 
Greogory and Wroblewski, i960) the emergence of a sixth 
peak in this tissue of rabbit by chromatography remained 
unexplained. The LDH isoenzymes of monkey testis were 
found to resemble heart isoenzymes as both were eluted 
with a high concentration of chloride. 
For the sake of convenience the data obtained on 
aldolase isoenzymes in the present studies has been 
tabulated in Table 20 along with the information already 
available in l i terature. 
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SUMMARY AND GOHaUSIONS 
Fructose-1,6-diphosphate (FET) aldolase of the 
tissues of four mammalian species were separated into 
multiple forms employing vert ica l starch gel electrophoresis, 
A survey of the major organs (skeletal muscle, brain, 
heart, kidney, l i ve r , test is , spleen and lung) of mouse, 
cotton rat, rabbit and rhesus monkey indicated that the 
patterns for skeletal muscle, lung and spleen were 
similar for a l l the species with the act iv i iy being 
local ized as a single band which migrated only a short 
distance from the point of application. Brain and 
testis of a l l the four species showed f i v e and two bands 
respectively displaced towards anode in relation to 
the point of application excepting in rabbit test is where 
one band of act iv i ty migrated towards cathode and the 
other towards anode. Heart muscle from mouse and 
Eh; .monkey were found to possess respectively two and 
four multiple forms a l l migrating towards the anode 
while that from cotton rat and rabbit remained as a 
single band near the origin. Kidney of the mouse, rabbit 
and monkey moved as a single band of act iv i ty while the 
same tissue of the cotton rat was found to possess two 
isoenzymes running on both sides of the point of application. 
Liver exhibited one form of enzyme in the rabbit and 
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monkey and two each in the mouse and the cotton rat. 
Most of the isoenzymes of aldolase from various mammalian 
tissues separated by starch gel electrophoresis were 
anionic in nature excepting the l i v e r and kidney tissues 
of rabbit and cotton rat where the presence of cationic 
isoenzymes were also detected. Testis, kidney and l i ver 
of rabbit also showed similar behaviour, 
Ihe level of aldolase act iv i ty in 105,000 g 
supernatants of various tissues of the four species was 
also examined. Ihe speci f ic act iv i t ies for mouse and 
monkey tissues showed the following order of distribution: 
skeletal muscle^ brain^heart^ k idne j^ tes t i s^ l i ve^ spleen^ 
lung. The remaining two species exhibited a similar 
order excepting in cotton rat lung and rabbit l i v e r 
which came immediately after kidney in the order of 
distribution of act iv i ty . 
5 X crystall ine rabbit muscle aldolase has been 
shown to resolve into six fractions by DEAS-cellulose 
chromatography and stepwise elution with increasing 
concentrations of sodium chloride. The f i r s t tv/o 
fractions contained traces of LDH act iv i ty . Einploying 
both gradient and stepwise elution techniques, FDP 
aldolase act iv i ty of the acetone powder of skeletal 
and heart muscles and brain of adult albino rabbit could 
also be separated into multiple forms. Most of the enzyme 
1 n> lo 
act iv i ty of skeletal and heart muscles were eluted with 
0-25 m Molar sodixjm chloride while in case of brain the 
major portion of the enzyme was eluted with 200 mM 
sodium chloride. She aldolase of skeletal muscle, brain 
and heart acetone powddrs could be separated into six, 
seven and four isoenzymes respectively. 
The presence of LDH isoenzymes in the acetone 
powders of the three tissues was also investigated in 
order to see i f there was any correlation between LDH 
and aldolase in regard to the multipl icity of their 
existence in nature. LDH of skeletal muscle, heart 
and brain could be resolved into two, one and six 
isomeric forms respectively. In skeletal muscle LDH 
act iv i ty was observed in the fractions eluting with 
0-25 mM sodium chloride while that of the heart was 
eluted in fractions containing 200 mM sodium chloride. 
LDH isoenzymes of brain could, however, be eluted over 
a vd.de range of salt concentration. Ihe d i f f e rent 
isomeric forms of aldolase separated by chromatography 
were distinguishable by their K^ values, re lat ive thermal 
s tab i l i ty and varying susceptibil ity to the action of 
metal binders, metal ions and SH reactants. 
Btie aldolase and LDH of monkey brain, heart and 
test is were i n i t i a l l y puri f ied by ammonium sulphate 
fractionation. FDP aldolase act iv ity of brain, heart and 
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test is were purif ied 3.45, 3.06 and 4.34 folds respectively 
while for LDH the corresponding values were 4,75, 3.14 and 
2,8 folds respectively. Bie ammonium sulphate puri f ied 
enzymes were then fractionated on DEAEJ-cellulose column. 
The aldolase of brain and heart tissues was found to be 
resolved into six peaks eluting with 0, 25, 50, 75, 100 
and 200 mM sodium chloride concentrations while test is 
aldolase separated into four multiple forms eluting with 
25, 50, 75 and lOO mM sodium chloride. LDH act iv i ty of 
brain was separated into f i v e peaks eluting with 50, 75, 
100, 200 and 300 mM salt concentration, ^ ^ l e LDH peaks 
of testis were found in fractions having sodium chloride 
concentrations of lOO, 200 and 300 mM. - Heart LDH, 
however, resolved into one major peak eluting with 200 mM 
and a minor peak eluting with 300 mM salt concentration. 
The di f ferent isoenzymes of aldolase l ike that of rabbit 
tissue were characterized by studying their Kj^ ,^ thermal 
s tab i l i ty , activation energy, optimum pH and inhibit ion 
activation using metal binders, metal ions and SH reactants. 
Thus from the present studies i t could be concluded 
that isoenzymic pattern of brain and testicular tissues 
of mouse, cotton rat, rabbit and rhesus monkey was 
identical when subjected to electrophoresis on starch gel. 
Similarly skeletal muscle, lung and spleen tissues of 
a l l these animals did not reveal the presence of aldolase 
isoenzymes. However, the results observed in heart, 
l i v e r and kidney of these animals were quite d i f ferent . 
Ihese observations indicate that the isoenzymic pattern 
of aldolase in the former tissues i s independent of 
species variation. 
Further the resolution of aldolase isoenzymes 
into multiple forms could be achieved by chromatography 
on DEAB-cellulose more e f f i c i en t l y than by starch gel 
electrophoresis and certain tissues l ike skeletal muscle 
which could not be separated into molecular forms on 
starch gel could easily be resolved into six forms by 
ion-exchange chromatography di f fer ing from each other in 
their physico-chemical properties. Thus starch gel 
electrophoresis or ion-exchange chromatography on DEAS-
cellulose when judiciously applied can be helpful in the 
resolution of the isoenzymes of FDP aldolase. 
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